


t eee ‘ 
’ . = 
‘ 
: . ‘y 
Mer~ 


DEPARTMENT OF THE AIR FORCE ie od kc -BY LL 
WASHINGTON ; 


OFFICE OF THE UNDER SECRETARY 


27 September 1977 


MEMORANDUM FOR MR. W. BOWMAN CUTTER, OMB 


SUBJECT: RAND Studies 


During our recent briefing to you and Randy Jayne, 
I suggested that you read the original RAND report which 
discussed the feasibility of a satellite reconnaissance 
vehicle. Attached is a copy; I think you will find it 


interesting. 
Hou art— 


Hans Mark 
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vellants. The latter rocket offers better speci? ie consunipt ion rates, 
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but this is found to be “pertially.offact by the greetor structural 
welgnt meee see onee ey he use of hydrogens It i s concluded that 
modern technology has advanced to A point: wh ere it now appears fevsiblo 


to undertake, the design of oi satellite vohtele. 
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io this roport, we eage: undertaken a conservative and realistic 
engineering. appraisal of the soselvirities of Batlidine a spaceship. 
wich will circle the re a satellite. The work has been based on 
our present state of technological advencenent and has-not included Pe 
possible future developments as atomic “eHetEy > | 

If a vehicle can be accelerated to a speed of about 7. 000: M.D. h. 
and duel priser, a ail revolve on a great circle ES 


earth's atmosphere as a new satellite. The centrifugal force will just 


balance the — of Brie Such a vehicle will make & complete cir~ 
| cuit of the earth in approximately 1-1/2 hours. Of all the possible or 
wv) ae bits, most of them will not pass over the same see stations on gucces~ » 
sive circuits because fue earth will turn aeout bie: of er under the : 
sek during each sincaie: The equator is the only such repeating path 
and consequently is recommended for early pees ee ‘establishing satel- 
lites so that a single set of eerencterine stations may be used. | 
Such a vehicle will undoubtedly prove £6, be of great military veliie.. 
HOMCVER the present study was centered around a vehicle to be used in 
obtaining much desired scientific int cache tie cosmic reyes eegteas 
tion, geophysics, terrestrial magnetism, astronomy, meteorology, and pro- -— 
perties of the upper atmosphere. For this purpose, a eayread of 590 Lbs. | 
and 20 cu ft. was selected as a reasone ble estimate of the requirements 
for scientific Eoparecie capable of obtaining results sufficiently far- . 


reaching to make the undertaking worthwhile. It was found necessary to. 





establish the orbit at en altitude of about 300 miles to insure sufficiently 
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low drag s0 that ‘hie vehicle could travel for 10 days” or mores with. 


out power, before losing satellite speed. 


The only type of power plant EahePke of accelerating a vehicle to. 

a speed of 17,000 m.p.h. on the outer limits of the atmosphere is the 
rocket. The tro mest important performance characteristics of a rocket 
vehicle are the ehiaict velocity of the rocket and the ratio of the 
weigent of propellants to the gross weight. Very careful sendiwe were 
made to establish engineering ectimabes-or the values that can be ob= 
tained for these two characteristics. | 

| The study of rocket performance indicated that while Liquid hyaro- 
gen ranks highest among fuels having Large exhaust velocities, its low 
densit y, Low. bapparecurs and wide areas range cause great trouble 
in engineering jen gm. On the other hand, siechel though having a Lower | 
exhaust varedity: has the benefit of extensive development in the German 


V-2. Consequently it was decided to conduct parallel preliminary design | 


studies of vehicles using liquid hydrogen-liquid oxygen and alcohol- 


Liquid oxygen as propellants. 


It has been Seen, assuined in the past that structural weight 


ratios become increasingly favorable as rockets increase in size, and 


fixed weight. items. such as padie equipment become insignificant waren 


items, However, the study of wei zht ratios indicated that for large sizes 


the weight of tanks and similar items actually becorie less favorable. | 


Consequently, there is an optimum middle renge of sizes. Improvements .— 


in weight ratios over that of the German V-2 are possible only by the 


slow process of technological develop::ent, not by the brute force methods 


of increase in size. This study: showed th at an alcohol-oxygen vehicle 
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could be built whose etire structural ; weight (including motors, ‘con- 
brots, etc.) was about 16% of the gross weight. On the otier hand, | 
ens difficulties with liquid hydrowe:, such as increased tank size, 
necessitated an entire structural weight of dbeae 25% of the gross 
weirnt. These studies also indicated ee maximum acceleration of 
about S=5 times thet of gravity gave tne best overall performance es 
the vehicles considered. If the acceleration is greater, the increased 
structural design loads Paeseass the sicaceknidil sadeelas if the accelera- 
tion is less, rocket thrust is inert cuenty used to support tne weight | 
of the vehicle aunt producing the desired acceleration. 

Using the above results, it was found that neither hydrogen-oxygen 
[ accelerating sestinate unassisted vehicle 
bah oeseial speeds. By the use of a aeeiaes rocket, these velocities 
cen be attained by vehicles feasible within the limite of our present 
knowledzes To illustrate the Sencact of é multi-staze rocket, first cone 
Sider a vehicle composed of two parts. The prinary venicle, complete 
sith ite rocket motor, tanks, provellants and controls is sanrted along 
as the "payload" of a similar vehicle of much greater Size. The rocket 
of the large vehicle is used to accelerate the combination to as great 
a speed as possitle, after which, tne large vahicle is discarded and the 
snall vehicle accelerates under its own power, sadness Wetec in- 
crease to that of the large vehicle. By this means we have obtained an 
effective decrease in the amount of structural weight ‘that must be ac- 
celerated to hich speeds, This same idea can ~ used in seevonina ve- 


hicles with a greater number of stages. A sareful analysis of tne ad- 


vantages of staging showed that for a given set of performance recuirenents 
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an epianae number of stages exists. if ‘the stages are too. fer in num 7 


“ber, ie ereg ua ree: velocities can be attained only by the undesirable 
process of exchanging payload for fuel. If they are too many, the mul- 
. pie eon of tanks, motors, etc. eliminates any possible gain in the. 
effective weight ratio. For tre eveonGnosreen Backer it was found that 
oe ere were best. For time hy dro gen—oxy zen rocket,” preliminary analy- 
Sis indicated that the best choice for eheaninber of stages was two, but 


refinements showed the optimum number of stages was three. Unfortunately, 


insufficient time was available to change the design, so the work on the 
7 , hydrogen-oxygen was completed using two stages. The characteristics of 

ie vehicles studies are tabulated below. Sketches of the vehicles are 
- : _ shown on the drawings preceding page 203. | _ 


Vehicle Powered by ALeohol~Oxygen Rockets: 


Saga 7 ae bf de® “Se 
Gross Rt. (1bs.) 233,669 «53,689—S«a, 829.si«“<«*« is 
Weight Less fuel (1bs.) | 93,669. 21, 489 a 4,729 — “1,148 | 
Payload (lbs.) —_ 53,689 11,829 2,868 : aha: 
‘Max. Diameter (in.) 157 _ 138 | 105” 90 


Vehicle Powered _ by Hy drogen-Oxy gen Rockets. 


; Stage _ | | i. a2 2 
Uross es Oo | 291,564 15,364 

| | Helent Eapty | 84,554 | L, 464 
Payload (lbs.) ° | 15, 364 - | 500 - 


lax. Diameter Cin.) | 243 a 167 
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tee three stazes been used for tre hydrogen-oxys ven rockets, the overall 
gross weight of this vehi cle could have been reduced be about 84,000 Lbs. 
indicating this eenpinatponcanoutd be given serious consideration in. any 
future study) « | 

In arriving at the : “pote desizn fizures, a detailed study was made 
of tl the. effects of exhaust velocity, structural wei zit, gravity, drag, | 


2éceleration, flight path inclination, and velatnyed size of stages on bie 


performance of the vehicles so that an optimum design ‘could be achieved 


7 or reasonable compromi ses made. 

It was found that the vehicle could best be guided during its ace 
celerated flight by mounting cént rol surfaces in the rocket jets and TO 
ae tating the entire vehicle ‘so that lateral components of the jet thrust 
<< 7 could be used. to produce the desi red control forces. It is planned to. 
‘fire the rocket vertically upward for several miles and then gradually 

curve the flight bath over in the di rection in which it 1S: desired thet 
the vehicle shall travel. In order to establish the vehicle on an peMte. 
at an altitude of about 300 miles without using excessive amounts of con- 
trol it was found desirable to allow the vehicle re biased neue: Cie: 
on an extended elliptic — just preceding the firing of the rocket of 
the last stave. As the vehicle approaches tie sumnit Ot; this. ‘arc, which 
is at the final altitude, the rocket of the inet stage is fired and: tne 
vehicle is accelerated te) that it becomes a freely revolving eaeitiee, 

It was shown that excessive sounts of rocket propellants are tess 
quired to eicecrecions if the re ‘ai dncorreetiy ssteulisied in 


r 


direction or in velocity. Therefore, considerable attention was devoted 





to the stability and control oroblem during the acceleration to orbital 
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speeds. — It was coneiaceat that: the orbit could be established co: suf- 


7 ficient precision so that tue vehicle would not inadvertently re-enter 
the atmosphere Seeetes of an seceteie cee | 7 

» Once the vehicle has been established on its orbit, the questions | 
arise as to ‘wiab are the possibilities of damage by meteorites, what tem 


-peretures will it experiaice, and can its orientetion in space be con- 


fs trolled? Although the probebility of being hit by very small meteorites 


is great, it was found that by using reasonable thickness plating, ade- 


| cuate protection could be obtained against all meteorites up to a size 

: where the frequency of seennsnes Was very small. The tenperatures of 

; the gabe ite venice will ene fron about ,0°F Geancit is on the side. 
a of the earth facing the sun. to about <“O°F when 4b ie in the ria geo 
. ) if shadow. Either small flywheels or small jets of compressed gas. appear to. 


offer feasible methods of cont roLLing the vehicle's , orientation after the 
cessation of rocket thrust. © | | | 

An investigation wes made of the poasi bility of safely Landing the - 
vehicle without allowing it to enter the senoueneee at such erent speeds - 
that it wuld be destroyed by the et of air resi stance, it was Hone 
that by the use of wings on tne small f inal vehicle, the abe of descent. 
could be Bonibee ied Se tiie the heat would be dissipated by radiation at 
tenperatures ae structure could safely, withstand. These same feos 
could be used to land the. vehicle on the: surface of the earth. = 

An interesting outcome of the study is bhiat the katie aedasinbled 
and temperatures can be kept within Llinits er can be safely withstood 


z 


by a human being. Since the veneer is not likely to be peneeed by 





meteorites and can a safely brought back to earth, there is good rec son 
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to hope that future satellite vehicles will be built to-.carry human 


beines,. 


It has been estimated that to design, construct end launch a satel— 


C9) 


lite vehicle will cost about 159,900,000. Sucn an undertaking could be 


accomplished in avoroxim-tely 5 years time. The launching would probably 


ef dhe 


be nade from one of tue Pacific Islands nezr the equater. A series of 


a ec stations woulda be established around the equator to obtain | 
ace date from the scientific apparatus contained in the vehicle. The 

first veces ss srobably be sllowed to burn up on: plunging back into 
the atmosphere. Later vericles av be designed so that they can be 


. brouzht back to earth. Such vehicles can be used either as long renge - 


missiles or for carrying human beings. - 
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PRELIMINARY DESIGN OF AN. 
EXPERIMENTAL WORLD-CIROLING SPACESHIP 


‘1. INTRODUCTION 
Technology and experience have now. reached the point where it is | 


: POREXDLS to design and construct craft whionean penetrate the atmos~ 
‘phere and achieve sufficient velocity to become satellites of the 
earth, This statement is documented in this report, whioh is a de- 
Sign study bee a satellite vehicle judiciously based on German ex- 
perience with V-2, and which relies for its success only on sound © 
ane naeeine development which can logically be expected as a conse- 
quence of intensive epplication to this effort. The craft which would 

“y | reault from such: an undertaking would almost. oaP reat do the job of 

beonitae a satellite, ‘but it would clearly be bulky, expensive, and 
inefficient in terms of the spaceship we shall be suis ¢6 design after 
twenty eieneee id nets losis th this field. In making the deataion:.° 
as to whether or not to undertake construction of such a creft now, 

tt is not. EBEpESVEATtS to view our present: si euation as gimilar to 


that in eas prior to én flight of the Wright Brotnekel We can 


see.no more clearly all the utility and implications of spaneehips _ 
' than the Wright brothers could 866 fleete. of Be29's bombing Japan and 
air transports eireling the globe. | | 
- Though the crystal ball is cloudy, two things | seem clear: 
l. A satellite vehicle with appropriate instrumentation can be 


expected to be one of the most potent scientific tools of 







the Twentieth Century. | 
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z. The achievement of & | satellite craft by the United States 
would inflame the imagination of manicind , and would probably 
produce: neve Cupane in the world ‘comparable to the explo- 
sion of the atomic bomb. | _— | | 
‘Chapter 2 0f this report attempts to indicate briefly sone of the 
concrete results to be derived from a ‘spaceship which circles the world 
on a avante orbit. a | 
As the first major activity under contract W33-038AC-14105, we 
have been asked by the Air Forces to explore the possibilities of meine: 
a satelite vehicle, and bo. grenent a. program which would aid in the de- 
velopment of such a vehicle. our approach to thes Mabie VecdiGas two re- 
lated lines: fe a | ne 
| i. To undertake a design study which will evaluate the possibility 
of making a satellite vehicle using known methods of engineer- | 
ing and propulsion, E 7 | : 
2 To explore the fields of science in nasattens ee aiccutex a 
and to stimulate research and development along lines which - 
will ultimately be of benefit in the design of such a 
satellite vehicle and which will improve ite efficiency or 
decrease its complexity and Cost. — | . 
This report concerns itself solely with the first Vine of approach, 
It is & practical study based on techniques that we now know, The 
implications of atomic energy are not considered here, This and stiee 


possibilities in the fields of science may be the subject of future 
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reports, which will cover the sbeand line of approach. 

In the preliminary deeten study analytical mothods have been 
developed which may be used as a basis for ee studies in this 
new field of astronautical engineering. Among these axe the follow- 
ing: | 

1. Analysis of single and miti-stage rockat pérformance and 
methods for selecting the optimim number of stages for any 
given application. | 

2. ‘Dimensional analysis of varying size and gross wateay of 

| “rockets, deriving laws which are useful in design scaling. : 
These laws are also of assistance in appraisal of. the 
effect of shape and proportions on the design of miti-— 
stage rockets. . | | 7 | 

De The effect of esesieee teas and inc lination of the trajectory 

| on structural weight and performance of a satellite rocket « -_ 

4. Methods of determining the optimim trajectory for satellite 
rockets. | | 

5. Variation of rocket performance with altitude and its effect 

| on the proportioning of stages. | | | _ 

6. Preliminary study of effect of etuidsuhents drag on. the rocket 
and how it affects the choice of Stages, acceleration, ane 
pnaieatoss: | | 

7. Analysis of dynamic stability and control throughout the 


6ntire trajectory. 





| 
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8. Method of safely landing a satellite vehiclee -. 
It cannot be emphasized too strongly that the primary contributions 


of this report are in methods, and not in the specific figures in this 


désign study. One point in particular should be high lighted: - the de- | 


co st 





sien cross weicht, which is of the greatest importance in estimati 


or in comperine any two proposals in this field is the least definitely 
ascertained single feature in the whole process. This fact ie fundamental 


in the design of a satellite or spaceship, since the slightest variation 





in some Of the minor details of construction or in propulsive efficiency 


of the fuel may result in a large change in gross weight. ~The figures in 


this report represent a reasonable compromise between the extremes which 


are possible with the data now in hand. The most important thing is that. 


a satellite vehicle can be made at all in the present state of the art. 

Kyven our more conservative engineers agree that it is definitely possible — 

to undertake design and construction now of a vehicle which would become a 

satellite of the earth. | : 
Another important result of this design study is the conclusion on 

liquid hydrogen and oxygen as fuel versus liquid oxygen and alcohol (the 

Germans' fuel). ‘The relative merits of these fuela have occasioned spirited 

controversy ever since liquid fuel rockets have been under development. 

In the peat. the fact which haa clinched the arguments baatneen the aifrt- 

culty of handling, storing, and using liquid hydrogen. The present design 


study has approached this subject from another viewpoint. On the assump- | 


tion that all these nasty problems can be solved, a design analysis has 
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been made for the structure and performance of rockets using both types 
of fusle. Because of the low density of liguid hydrogen, the greater | 
tenkage weight and volume tends to offset the increase in specific im- 
pulse. Early in the design study it was necessary to make a choice of 
the mumber of stages for both proposed vehicles, Based on the design 
information evailable ; : decision was made to use four stages for the 
alcohol-oxygen rocket and two stages for the hydrogen-oxygen rocket. 
Of these two designs, the alcohol-oxygen rocket proved to be somewhat 
smaller in weight and size. However,the problem was later re-examined ; 
when more reliable data were available. It was found that while the ~ 
choice of four stages for alcohol-oxygen had been wise, the hydrogen- _ 
| oxygen rocket could have been substantially improved by using three | | 
Df _ gtages. The improvement was sufficient to indicate that the three 
stage hydrogen-oxygen rocket would have been definitely superior to the 
four stage alcohol-oxygen rocket. Unfortunately, the work had progresse 
so far that it was impossible to alter the number of steges for the | 
hydrogen-oxygen rocket. _ - i | | | 
Qne of the most important conclusions of thie design study is that 
in oréer to achieve the required performance it is necessary to have. 2 
multi-stage rockets oy either type of fuel. The general characteristic 


of both types ere shown in the following table: 


h Stege Alcohol~Oxygen Rocket 
| : Payload 500# | | : 
: Stage 1 | 2 : | : 
Grose weight (lbs.) 233,069 53, 089 15°89 | BEG 


= .f Fuel weight (lbs. ) 140 ,000 32 200 7,100 ete 
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2 Stage Hydrogen-Oxygen Rocket 





Payload 500# | 
Gross weight (1bs.) - 991,564 | 15,364 : 
Total Fuel Weight (1bs.) 217,900. | 10,000 


The Spates aeeeuaasts a series of compromises. The payload is 
chosen to be as small as is consistent with carrying enough experimental 
equipment to achieve significant results. This is done for the purpose 
of eaeatie the gross weight within reasonable limits, since the — 

-weight increases POEL in erénost ion to the payload above & certain 
| mi nimam value, The design altitude was originally chosen as 100 miles, 
i, | since previous calculations indicated that the atmospheric drag there 
was not great enough to disturb the orbit of the satellite for a few 
revolutions, end since for commnications purposes it was desirable to 
keep the Satellite below the ionosphere. The more refined drag studies 
made in the present design study show that these Seciy Sates were 
in dentous error, and indicate that the satellite will have to be as- 
ablighed at altitudes of 300 to 400 miles to insure the completion of 
multiple revolutions around the earth. | 
It is. interesting that the design analysis shows that the optimum 
| accelerations are well within the limits which the Guinan ody can stand. 
Further, it appears possible to achieve a safe landing with the type of 


vehicle which is required. Future developments may bring an increase 


in payload and decrease in gross weight, sufficient to produce a large 





manned spaceship able to accomplish important things in a scientifis 
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and military way, | | 
We turn now from the aati study ee to the basic research 
approach of the scientists. Our consultants have all nade suggestions 
which bayve been taken into consideration in the preparation of this | 
report. In the ‘future it is our expectation that the services of nce | 
scientists will is of the greatest benefit in planning and initiating 
broad research programs to explore new fundamental approaches to the | 
problem of space ‘travel. | 
The real white hope for the auburn? of “spaceships is, of course, 7 
atomic energy. If this intense source of energy can be harnessed for 
| 7 | rocket propulsion, hay: apaceships of moderate size and high performance 
Me ) | _ . may eeone & reality, ang conceivably could even. serve efficiently as 
| intercontinental transports in the remote future, We are fortunate in 
having the consulting services of Drs. Alvarez, McMillan, and Ridenour, 
well known in scientific circles. Alvarez and McMillan were two of 
the key men at the Los Alamos Laboratory of the Manhattan Project. 
With the benefit of their advice, we ae aa to achieve a degree of compe- 
| tence in the fields of applieat ion of nuclear enerey to propulsion, 
Alvarez and Ridenour, who are also redar experts, “have made basic - 
analyses of the ote and radar problens associated with a satellite. 4 
“These are of aeuten in planning the new. equipment which Seems to be 
necessary to make the Beeye ote a useful tool. | | | 


Kistiakowsky, | a specialist in physica] Shem etyys has made valuable 


, Suggestions for the development of new. rocket propellants, 
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Sonirt has contributed to our knowledge of the optimm tra jestarto 
to be used in launching the vehicle, 

More avostent than the ideas oo suggestions received to date is 
the fact ‘that these consultants, who are among the leaders mai Se 
science, have begun to think and work on these propeenss It is our | 
earnest hope that under the terms of this new study and research Ccon~ 
tract with the Army Air Forces we may be able to enlist the active co- ~ 
operation of an important fraction of the Boteny set? poweareee of the 
country to solve problems in the wholly new fields which man's imagina~ 


tion has opened. Of these, space travel ig one of the nost {important 
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ACEGROCLIE ee 19:6 ¢ o estimcts the values te derived oe 
a feeds: cnt procran aimed oc ateinnas of a satellite Ee 
: the earta cea nospiere is as aicficalt as it would hove been, 
some years before the Vrilit brotners flew at Kitty Hawk, to visralise. 
: Some of the field ds in 


which important results 


may include some of the 


suse of tne nov ity of 


assume the future aevelsuncnt of 8 satellite 


S portion of these may 





the current uses of aviation in war and in peace. 


are to be expected are obvious; 


th 272 uniortaidns = 


the design aay Of: this sence 


Tie vilitany Importence of a Satellite ~ The military importance 


‘The. fol lowing 


with lar, noe 


atiees: whicn — 


iaportant, will certainly be overlooked be~ 


considerations 


payload. Only 


e 


be Pe ee by the satellite described in 


of wetaiieite vehicles in satellite orbits arises larsely fro the 


circumstance that defenses avzainst airborne attack are rapidly improving. 


Modern radar will detect aircra aft at distances up to a. few hundred miles, i 
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and can 


give continuous, precise data on their no 


sition. enh igure 


artillery and mti-atrcraft mided missiles are able to enzaze such 


vehicles at. considersble ranze, and the proximity fuse increases several 


fold the effectivensss ofanti-aireraf 
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th 
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difficulty of interedstion. 


his bein; so, we can assume that an oir offe 


will be carried o:t lartels or 


fire. 


Under these circumstances, 


considerable prenalun is put on hish missile velocity, to inerecase the 


ive of” the future | 
altozether hy hizh~sneed pilotless mise 


siles. The mininuranerzy trajectory for sicn a space-iaissile without 
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observations of the position of the missile can be maie from the satol- 
“palse applied to bring the missile down on 
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Lite, and 4a iin: al control 


coseniewiea anes. Mis scheme, wiile it Involves pene orate Con 


plexity in instrumentation, seeas entirely sade Alternatively, the 





satellite itself ean be considered as the missile. BELGE obsorvations 
ad | of its trajectory, a control impulse can he applied in sach direct jon | 


and amount, and at’ such a time, that the satel): ite is brought: down on 
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There is little difference in design. and performance between ray 


intercontinental rocket misgite and 3 satellite. “Thus a rocket miedite, 
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of une Cause of Faces on - which is now the greatest riddle of physica. 

The variations in ihe ey 8 grevitational field over the face of 
che earth could be measured from @ satellite. This would supply one very 
fundamental eet of data needed by the geologists and geophysicists to 
understand the causes of mountain-building, etc. | 

7 | Similarly, the variations. in the earth's BEER ENTS field could be 
meaeured with a completenese end rapidity hitherto impossible. 

The satellite laboratory could undertske comprehensive research at 
the low preesures of space. The value of this in comparison with pressures 
now attainable in the aeresntees might be great, 

@ | | For the astronomer, a satellite would provide great gasistance. Dr. 
Shapley, director of the Harvard Cbservetory has expressed the view that 
measuremente of the ultra-violet spectrum of the sun and stars would con- 
tribute greatly to an understending of the source of the sun's surface 
energy, und perhaps would help explain evnspots. He also looks forward 
to the satellite observatory to provide <n explanation for the "light of 
the night eky." | 

Actronomical observations made on the surface of the santh are 
seriously hampered by difficulties of "sesing," which arise because of 
variations in the refractive index of ths column of alr through which 
any terrestrial telescope must view the heavens. these difficulties are 
greatest in comnestion te the oveervetion of any celestial body whose 


imejre te an actual disk, within which Teatures of structure can be 
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recomnized: the moon, the sun, the planets, and certain nebulae. A 
telescope even of modest size could, at a point outside the earth's atmos- 
phere, make observations cn such hodies wisich would te superior to those 
now made with the larrest terrestrial telescopes. Because there would 

be no scattering of light by an atmosphere, contimucus observation of 

the solar corona and the solar prominences s!.culd Aiee be possible, 4As- 
tronomical images could, of course, be sent back to the earth from an 
unmanned satellite by television means. 

From a satellite at an altitude of hundreds of miles, circling the 
earth in a period of about one and one half hours, observations of the 
cloud patterns on the earth, and of their changes with tine, could be made 
with preat ease and ccnvenience. Tris information should be of extreme 
value in connection with short-range weather forecasting, and tabulation 
of such data over a period of tine might prove extremely viluable to long- 
range weather forecasting. A satellite on a North-South orbit could 
observe the wiole surface of the world once a day, and entirely in the 
duy light. 

The properties of the ionos;iere could be studied in a new way from 
such a satellite. tresent ionospheric measurements are all made by 
studying the reflection of rucio waves from the ionized u,zper atmosphere. 
a Suteilite would jermit these measurements to be extended by studying 
the transmission properties of the ionosphere at varicus frequencies, 
anzies of incidence, an? tires. kefleetion measurements coild also be 
nade fron the top of the ionos,here. Since we nov know thit disruption 


of the icnospher.: accompanying «uroral dis;l:ys is csused by tre impact 
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of a cloud of matter fron space, the satsllite could determine the nature, 
and maybe the souree of that cioud, 
Sioloviets snd nedicel acientists would want to etudy life in the 


Ss an important 


ry 
— 
fs 
th 

fete 


acceleration=-free environrent of tne satellite. 


nleo lead to imvortant 


ys 
iD 
cr 
ry 
{55 
<4 
(D 
a 
Sn wl 
g 
“3 
~~. 
rah, 
| 
Cy 
fe 
cr 
a4 


preeracilsite to s 


i S 


nev observations in tower forns of life. 


otation - Longerange radio 








communication, excent at extremely low frequencies (cof the order of e few 


ke/sec), is baced entirely on the reflection of radio waves from the 


4) 


Jonosnhere, Since the propartias of the earth's lonized layer vary pro=- 

foundly with the time of dsy, the season, sunspot activity, and other 

factors, itis difficult to maintain reliable long-range communication 
& | by means of radio. A satellite offers the possibility of establishing a 

relay station above the earth, through which long-range communications can 

be maintained independent of any except ceonatrical factors, 

The encrnioug biniwdthe attainable at microwave freq juencies enable 

a very larre numbar of independent channels to be handled with simple 

equiurent, and the only diffioult: which the scheme appears to offer is 

that a Jowesltitude (30° pdie* satellite would rerain in the view of a 

single pround station only for abcut 2199 edles of its ortdit, 
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fescinating aspect of successfully lewching a eutellite would be the 
pulec quickening stimulation it would give to considerations of inter- 
planetary trevel. Whose imesginetion is not fired by the possibility of 
voyaging out beyond the limits of our eurth, traveling tc the Moon, to 
Venus and Mers? Such thoughts when put on peper now seem like idle 
fancy. Eut, &@ men-made satellite, circling our globe beyond the limits 
of the atmosphere is the first step. The other necessary steps would 
surely follow in repid succession. Who would be go bold as to say thet 


this might not come within our time? 
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3, GENERAL CHARACTERISTICS OF A SATELLITE VERICLE 
Within the limite of our everydey experience, the trajectcries of 
freely moving objects are nearly parabolic. The departures from truly 
parabolic trajectories are caused largely by air resistance. However, | 
there ig an edditional factor whose influence ie small at low speeds 
but rapidly becomes larger as the epeed increases. This factor is ths 
curvature of the earth. Because of it, even a vehicle traveling paralle] 
to the eerth is subjected to ea centrifugel force and at high speeds this 
force can become of equal importance to the force of gravity. Since 
gravitationel force is inward end the centrifugel force is outward, there 
ig a speed at which the two would just balance and the vehicle would re- 
volve about the earth like & new satellite. The speed to accomplish this 
is easily calculated. If, for the moment, we disregard aerodynamic force 
then e satellite near the surface of the earth would be balanced between 
a gravitational attraction of mg and a centrifugal force of = where m 
and y are the mess and velocity of the satellite and g and R are the 
acceleration of gravity and the radius of the earth. Placing 2% 
and ueing the equatorial values of R = 4,963 atiee and g = 32.086 ft. per 
re we readily find that v = 25,810 ft. per sec. or 17,600 miles per 
hour. If this mction were to take place ey Cueriena of the equator We 
would heve to add or subtract the velocity of rctation of the earth, de- 
pending on whether the vchicle were rotating with or against the earth. 
These new values are 24,285 ft./sec. and 27,335 ft./sec. These values 
are only approximately correct because the effect of the earth's rotatia 
on the grevitaticnul attrecticn of sencions objectea haus been neglected 
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A more detsiled calculation ie given in Appendix C. ‘Traveling at these 
steeds, tie times to make a completes circuit of the earth would be 1 how 
and 70 min. and 1 hour and 20 min. respectively. It is of course imprac- 
ee to attempt to move at such great speeds within the atmosphere of 
the earth. However, at a height of 300 miles above the surface of the 
seth. the air is so thin that such speeds are practical. If we repeet 
our calculations for this altitude, taking into account that the attrac-~ 
tion of gravity falls off as the sauare of the distance from the center 
of the earth,we find that the new velocities are 27,655 ft. per sec. and 
€6,705 ft. per sec. and the new timee for complete circuits of the earth 
are 1 hour and 42 min. and 1 hour and ce min. Interestingly enough, the 
energy sequieaa to establish an orbit at an altitude of 200 miles is not. 
very much larger than that required at the surfuce of the earth because, 
although the potential energy is considerebly greater, it is partly came 
pensated by the lower kinetic energy of the higher orbit. 

It is interesting to note that in our equation = = mz the mss 
sects on both sides and cancels out. Consequently, the epeeds for 
orbital motion do not depend on the meg of the object nor on the matertic 
from eigh it is made. 

As mentioned above, we normally 
expect the trajectoricse of freely moving 
obJects to be parabolic. However, if we 
take strict S&ccount of the curvature of 


the earth, our msthematics telle us that 
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Keplerian ellipsee. If the velocity is emall, the trajectory is only 

a emall portion of the outer end of the ellipse, as shown in the preced- 
ing figure. thie tip portion of an Sieereeee ellipse is very nearly but 
not quite parabolic. As the speed inorexuses, the portion of the ellipse 
lying outside the earth likewise increases and the first trajectory lying 
entirely outside the earth is the circular one whose speed was computed 
above. As the speed increases still further, the orbits will become 
ellipses extending far out into 
space as shown in the figure at 
the right. Our own moon is, of 


course, treveling in an orbit 





® | | that ie very nearly circular. 
So far, only the effect of 
velocity on the orbit has been mentioned. However, there is another 
factor of importance in determining the characterietics of an orbit, 
namely the initial direction with which the body was launched. This, in 
turn, will determine whether the orbit is a long flattened ellipse or a 
nearly circular one. Both kinds can correspond to the same velocity of 
daunching, differing only with the direction of launching. 

Suppose now that our satellite, mentioned above, is launched direct] 
upwerd with the same velosity, instead of on a circular orbit parallel tc 
the surface of the earth. The simple equetion of its motion shows that i 
will travel out Into space a distunce equal to the diameter of the earth 


before returning to the earth. If the velocity is increased, the vehicle 
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will, of oourse, truvel even farther out. When the initial velocity has 


been increased to a value equal to the 2 (or 1.41) times the orbital speed 
of 26,810 ft. per seo. or 66,000 ft. per sece, it will travel out bevond 
the influence of cur planet and never return. This speed is appropriately 


called the escare velocity. 


Returnin:: now to a more detatled examination of the charucteristics 
of a vehiole rotating in a circular orbit a few hundred miles above the 
surface of the earth, we note thay the bilance between gravitational and 
centrifugal forces exists not only for the vehicle itsel?, but also for 
all objects within the vehicle. Consequently there wiil be no “ur” or 
"down". Everything will flout weizhtlesa inside the vehicle. 

Vhen we consider the pussible orbits in which the vehicle could 
travel, as seen fron the earth, we reulize that they rmat all be great 
circle paths, 1.6. in planes passim through “whe celter of the earth. Of 
all suoh paths, only the one‘lying in the jlane of the equator will repeat 
itself on each revolution because for all the others wiion the veliicle has 
oompleted a oircuit in aupproxinately 1-1,'2 hours, the earth has turned 
under it 1,16 of a revolution and the vehicle is over a new spot on the 
earth's surtucee Consaquentiy, the first attenpts at establighin;; satel- 

o2 
lites will be around the equator so that they may be repeatedly observed 
from fixed fround stations. 

So far, we huve purposely avoided considering the means of supplying 
the enormous ener;ies necessary to obtain the speeds calculated whbove . 


This is such an important problem thut it will be given special consideru- 


tion in the next chapver. 
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4, POWER PLANT SUITABLE FOR SATELLITE VEHICLES 

In order to be able to establish a vehicle in a setellite orbit, a 
power plant mst be.cepable, not only of lifting its own weight and that 
of its fuel and the essociated structure and payload, but also to acceler 
ate these components sufficiently to attain the enormous velocities calor 
lated in the preceding chapter. Clearly this will require a power plant 
capable of re thruets many times ite own weight. At the present 
tine , the only quasi-conventional power plants that meet this requirement 
ure the rocket, the turbo-jet and the ram-Jet. 

The turbo-~jet end the ram-jet both depend upon atmospheric air for 
their combuation. Their maximum thrusts fell off rapidly with altitude 
so that their useful range is well below 100,000 ft. When speede of the 

@ . order of 24,500 ft. per sec. (Approximately @ Mech number of 25) are con- 
sidered, the compression and friction of the air give calculated tempera- 
tures of the order of 49 ,000°F. Even at 100,000 ft. the density of the 
air is sufficiently great to burn up the vehicle in short order. Conge- 
guently it would appear thet the turbo-jet or the ram-jet could be used 
only in the very initicl stages of launching man-created satellites. 
%% is conseivable that these power plants may be found to eerve a 
useful purpose as initial lsunching engines. However, for the present 


investigation, thie scheme hes been left out of consideration in order 


to avoid the camplication, | 


*Long tefore such temperatures ere resched, the conventionél methods of 
céleuletion vesome invalid. However, the conclusion that the temperatur: 
@ are prohibitively high is still valid. 
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Chapter 4 


The rocket motor, carrying its own propellants, oan traverse the 
atmosphere at limited speeds and after entering the rarefied ionosphere 
be free to accelorate to the speeds required for orbital motion. The V-e 
has demonstrated the practicality of such a scheme. The greatest queetion — 
to be answered is whether within the stern accounting of engineering 
reality,successors to the V-2 can be built capable of accelerating to 
speeds of the order of 25,000 ft. per sec. 

Before attempting to answer this question, it will be of interest to 
examine rooket power plants in some detail. At present these power plants 
can be divided into two general classes. The first is the familiar solid 
propellant type of rocket used extensively in Fourth of July celebrations. 
When used to obtain high performance, the propellant containers must with- 
etand such great pressures that thoir weight becomes prohibitive where 
weight is an important consideration. This has led.to tha : developments. 
of the liquid propellent rocket in which the propellants are forced into 
the combustion chamber under gas pressure (frequently compressed nitrogen) 
or by means of pumps as in the V-2. For installations where large thruste 
are required this jattar system has proved to be of lighter weight. 

It ia helpful to have an understanding of the parameters which are use¢ 
for evaluating the performance of a rocket motor and which, aince they are - 
unique to the field of jet propulsion, may be unfamiliar to the reader. 
From Newton's familar second and third laws, it may readily be show that 
the thrust T is equal to the product of the exhaust velocity, c and the 
mase rate of propellant consumption, a , thus T sc ae The quantity 


= may be made as large as we please Since it is only 4 matter of arranging 
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adequete means fcr delivering and burning the desired emounts of propel- 
lants. However, this ie not the case with the exheust velocity which is 
more strictly a characteristic of the propellants used. The exhaust velc 
ity is actermined to a largs extent by the molecular setae, the tempera- 
ture, end the specific heats of the combustion products. For a given fue 
we have Little coritrol over these quantities. The pressure in the canbus 
tion chamber, the external atmospheric pressure and the overall efficienc 
of the power plant (which are the factors over which we have grexutest con 
trol) also affect the exhaust velocity but to euch @ lesser degree that i 
ig possible to agssese the exhaust velocities of an inetallation largely 
from a knowledge of the propellants used. 

t J | It will be seen later that the exhaust velocity of a rocket installe 

: tion ie of prime importance in determining its suitability for use aes 

satellite-producing power plant. In addition to the exhaust velocity c, 
two tee pevenscaee are frequently used. . i The equation for the 


thrust of a rocket motor showe that a given quantity of propellanis, if | 


t 
t 


consumed under comperable conditions, represente an ability to produce a 





Biven impulse, either es a large thrust for a short time or a small thr 







for a proportionately larger time. Consequently, it is in order to esk 
for the pounds of thrust obtained per pound of propellant per second. I 
ie geon at once that thie parameter, mown oa the specific impulee I, is 


given by the formula I = — = ae i.e. it te obtsined from the exhu 
wre 
at 





velocity simply by division by the acceleration of gravity (I is the sam 


@ in both o.g.8. and ft.-lb.-sec.systens since it contains wiite of force 
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in both numerator end denominator). Agein, we may ask for the pounds of 
propellant consumed per pound of thrust per second. This is kmown as the 


specific fuel sonewmption end is merely the reciprocal of the impulse: 


a.f.c. = = = £ . Typical values of these parameters are c = 6,434 ft. 


per sec., I = 200 aec., and g.f.c. 2 .005 sec. 

In the discussion above, it was mentioned that external atmospheric 
pressure pleyed a leeser role in determining the exhaust velocity. While 
thie role is emall, it ia not insignificant and enters into the problem 
of eatablishing 4 man-made satellite in a very helpful fechion. As we go 
to suey altitudes, the atmosphere exerts lees of & tack pressure on the 
exhausting gages, allowing their veloc ity to increase until at extreme 

6 altitudes it has increased by some 20% to 30%. This will te found to be 
of Significant magnitude in our vroblem of determining if rocket motors 
are cepeble of imparting a cuffic iently large momentuz to the proposed 


gatellite vehicle, & problem to which we now return. 
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5. DYNAMICS OF ACHIEVING OREITAL MOLION | 

Let us begin by considering the simplest possible case of a rocket 
nates accelerating our vehicle to high speed. We shall temporarily neg- 
lect gravity and air resistance in order to determine what are the funda- 
mental factors occuring in our problem. Ifm is the mse of the vehicle 
at eny instant, < the acceleration and T the ee then nee = se. 
In the preceding chapter, we saw that T = “ae Placing this in our ror 
eguation, we have pee - oS . This can be integrated to giveaY¥ = o Tbs, 

where AV is the change in velocity of the vehicle that the rocket pro- 

duces 4nd m, and Dy are the isos at the beginning and end of the acceler 


tion, their difference being the fuel used in the process. This formula, 


although it will be successively modified numerous times, brings into 





focus the two most fundemental parameters of our problem; namoly, the 
exhaust velocity and the mass ratio. In fect, these two parameters are ar 
vital that the next two chapters will be devoted entirely to a critical 
engineering analysis of what values we can reasonably expect to achieve. 
It is clear that the gain in velocity of the vehicle is directly pro- 
portional to the exhaust velocity and any improvements in this fector will 
be immediately reflected in the performance of the vehicle. The mass rat. 
entering the logarithm would appear to be a factor of minor importance. 
- However, this appearance is quite deceptive as we shall presently see. 
If we put W equal to the initial gross weight of the vehicle, P equa} 
to the payload and S equal to the entire atructural, power plant, tenk and 


control weight (i.e. S includes all iteme except the fuel and the peyigad 


he mine siga is necessary here beccucs ie the rate of change cof mage 
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then sa formula becomug O J 2 eo An & + a): As we have seen before, 
¢ cannot be made arbitrarily lerge, but is limited by the state of develor 
ment of ur technology. Likewise, = the ratio of the entire structural 
weight to the groas weight, cannot be chosen erbitrarily small but is limit 
by technological progress. Consequently, the quantity Within the egane 
theees of the logarithm has a amsllest va slue when the payload ia zero (thi | 
will meke the logarithn, with @ negative sign in front,have ite greatest 
value). Actually, in engineering application we uswilly must view this th 
other way arcund; that is,the peyload is given and the gross weight must 
be varied. This has been illustrated on the accompanying graph. Here we 
have plotted the retio of velocity increase to exhaust velocity ageinst 
the ratio of gross weight to paylozd (i.e. the gross weight for al lb. 
payload) for various velues of the structural weight ratio. The extreme 
importance of this latter parameter ds irmediately apparent. 

This graph also illustrates enother characteristic that will confront 
us time and acsein; namsly,the extreme variability or the gross weight for 
a fixed payload when we attempt to cbtain high performances. Fou example, 
suppose we could obtain en exhaust velocity of 11,000 ft. per sec. and 
build the complete structure for cnly 5% of the grosa weight. Then to 
accelerate & peyload of 1 lb. to 24,750 ft. per seéec (oS = 2.25) would 
require a vehicle having 4 gross weight of 200 Ibs. However,if the de~ 
eired velocity hed been only ©¢ greater, the amellest vehicle with which 
THere and throughout the reet of the revort we shall refer to both the 
. fuel and the oxidizer simply us the fuel and designate its weight by F. 


If we call theu propellants and desimate their weight by P, we should 
have a conflict with cur desiguution for payload. 
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we could accomplish this would have a gross weight of 1000 lbs., a fiveto. 

increase. The reason for Such extreme sensitivity is clear; the perforn- 

ence gain was made by adding e bit more fuel at the expense of payload an 

then enlarging the entire project until the payload returned to its . 

original value. What was a frecticn of a percent increase in fuel enount 
to 80% of the payload. Consequently the multiplicatim factor was five. 
Simple clarity of reeson dees not aiter the fact that the grosa weight is 
@ variable of questionable reliability. 

We ere now in a position to make i elementary examination of the 
feasibility of using rockete to establish new satellites. To do this we 
shall enticipate a few of the results of the next two chapters. There we 

| shell find that by using alcchol and liculd Synen (these were the propel 
6 lents uged in the V-2 ), we can Fiat. average exhaust velocities of about 
8,500 ft./eaec. and a corresponding entire structural weight of about oh 
the gross weight. Both of these figures heve had a certain anount of Opi 
miem injected in them, to represent whet we might ressonably expect to 

accomplish in the foreseesble future. If we gelect 500 lbs. as our goal 
for a payload, then our formule shows that a vehicle of 5000 Ibs. initial 
: grose weight conld be accelerrnted to 11,420 tt. per sec. If the size of 
vehicle is increased to 50,000 lbs. gross weight, the velocity is 15,090 

ft. per sec. and a 500,000 lb. vehicle only gives en increase to 15,510 
ft. per Bec. All of thess veiocities are impressively large, but fall | 
considerably ehort of our round figure of 24,500 ft. per sec. required fc 


orbitel velocities. 


S : *Pven, if the vehicle were mide indefinitely large the velocity could not 
excecd 15,000 ft. per sec. Tr ts amen 2." 
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The question immediately arices: “y ee ae ncdescen, the fuel 
that topes the list with en exhaust velocity of about 17,500 ft./aec., can 
we echieve our desired velocity? Unfortunetely, iquid hydrogen hae a 

uineenlee Cnaneetertaetes (which will be discussed in detail later) that 
necessarily cauge en increase in structural weight. Our figure of 16% fa 
structural weight ig increagcd to 25% for vse with Liquid hydrogen. The 


following teble summerizes the velocities calculated for both alcohol and 


liquid hydrogen: 


Groes wt. for Velocity of Vehicle Velocity of Vehicle 
500 lb. peylcad Using Alcohol Using Liquid Hydrogen 
5,000 lbs. 11,420 ft./sec. 14,180 ft./sec. 

50,000 lbs. 15,090 ft./sec. . 18,160 ft./secs 
500,000 lbs. 15,510 ft./sec. 18,620 ft./sec. 
Indefinitely Lerge 15,600 ft./sec. 18,700 ft./see. 


The liquid hydrogen shows Smprovement over the alcohol but ia still 
considerably short of producing the orbital velocity figure of 24,500 ft. 
per sec. 

We are forced to conclude that e realistic appraisal of the problem 
shows that our technology, even allowing a reasonable note of optimism to 
creep in, kas not sufficiently advanced as yet to permit us to build a 
Single unassisted vehicle capable of acoutring sufficient speed to remein 
in space es 4 satellite. This te dcubl; emphesized when we remember that 
as yet we have neglected entirely the effects of air resistance and grav 

Since we cannot attain our goxl with an ehaneretat vehicle, we next 


examine the problem of giving the vehicle enough iritial a so that it 
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cen subsequently attain orbital velocities under its own power. Since 
rocket power plante have been ehown capable of supplying more than half ae 
the velocity required, it appears logical to ask if they cannot be used tc 
supply the other half. To pee ids question in the afrirmative we in- 
troduce the concept of a multistage rocket. We shall find this idea 
findamental to our later work. To illustrate this concept, let us conside 
&@ two-stage rocket. The primary vehicle will be carried along 4s the “pay 
load" of a larger sscondery vehicle. When this larger vehicle has exhaust 
ed ites fuel, and hence ites usefulness, it will be discarded and the smali- 
er vehicle will continue to accelerate under ite own pover, adding its own 
velocity increase to thet imparted by the lerger stage. The particular 
exauple selected above ie a special case of & much more general idea, noe 
that of discerding weight once it has served its purpoge and is no longer 
necessary. A moment's roflection shows that this can be of great ald, be- 
ceuse as the fuel is used up, the structural weight and the payload, 
initislly insignificant, become major iteme and if substantial reductions 
in the structural weight are possible at this point, the remining fuel 
will te cepable of supplying correspondingly greater accelerations and 
velocities. 

in ploce of the method proposed alLove, it is conceivable that the 
fuel could te contained in multiple tenks end as each is dreined in Turd, 
it end its essociutved structure would be Jettivonsd. With thig reduced 
weight, the acceleration would incresee considerebly and it might be de- 
Birable to shut down a portion of the reoket power plant to keep the Lonide 


on tue remainder of the structure within reseonsble limits, The reminac 
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of the fuel would te used to produce emaller thrust over ae longer period 


of time. If this is done, it ia of course advisable also to jettison the 
+ 


idle power plante. 
It will be readily appreciated that such staging schemes cre limited 


only by the fertility and ingenuity of the designer's imagination, For 
the pale 06 definiteness, we have confined our attention in this report 
to the clearcut scheme originally proposed, but it is not intended to 
imply that this is a final arrangement. | 

Let us return to the problem of examining the possibilities of 
achieving orbital velocities. We found for a single stage, that 
V=see-ecedln am if we now have & two stage rocket, and we designate 
the larger vehicle, which is fired first, by the subscript 1 and the 
smaller by the subscript 2, then 


ey + No 





S~ + P 
‘ 2 a 
1 Wo 


Vtotal = - ¢ In 


Here we have used Wo, the gross weight of the smaller vehicle, as the 
payload of the larger, With this notation W, is the gross weight of the 


entire agrregate, 
It is now logical to ask: For a given payload and a fixed value of 


é aperepate weight, what is the correct proportioning of the two stages to 
: give the greatest total velocity? If the large stage can be built so 
that its entire structural weight is the same percentage of its gross 
weight as that of the smaller stege, then simple differentiation shows 
4 

*Viewcd from this etindpsint, our original proposal of a series of pro- 

; greeoively lurger veh'clen efch currving the preceding momber as payload, 
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the greatest total velecity is obtained when the retio of payload to 
gross weight is the sane for each stage, i.e. ie = fi. = fe 
a8 2 
If we aprly these results to our alcohol and liquid oxygen powered 
ise, (and assure that the entire structure of the large stage can 
also be built for 16% of its gross weight) we can eee the following 
velocities with the corresponding aggregate combinations: 
TWO STAGE HOCKET VEHICLE, USING ALCOHOL AND LIQUID OXYGEN AND 
CARRYING A PAYLOAD OF 500 LBS. 
Gross Weight Gross Weight Total 
: of Ist Stage | of 2nd Stege Velocity 
50,000 lins. 5,000 lbs. 22,849 ft./sec. 
| 5,000,000 Ins. 50,000 Iba. 30,180 ft./sec. 
: 500,000,COO0 ibs, 500,CCO lbs. | 31,020 ft./sec. 
This teble illustrates two siiient -sotnte: 
Ist, a two stege rocket vehicle, using feasible values of exhaust 
velocity and structural weights has been shown te have a 
reascnable margin over the minimum essential requirement to 
attain orbital speeds. It only remains to be seen if this 
margin is sufficient to account for the effects of air 
3 resistance, gruvity end the like, 
end, we notice, upon comparing this table with the results of our 
Single stage calculations thet for a given total weight, 
; (e.g. 50,000 ibs.) we can attain a greater total velocity 
from two stages (22,840 ft./sec,) than we can from one stage 
: (15,C% ft./sec.). -And this is in spite of the fact that we 
have the weit cf tro rochivres instead cf one, 
pic iercsierones eos Ee 
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This seconc point inmediately poses the following questions: Is it 
always better to use tvo stages than one? If two stages are superior, 
would three or more stages give even greater velocities for a fixed m 
aggregate weighty These questions are answered by the accompanying gray 
on which hes been plotted the total velccity with the available exhaust 
velocity taken as a unit, against the gross weight of the aggregate for 
@ one pound payload for 1, 2, 3, 4, and 5 stages, This has been computec 
on the assumption that each vehicle could be built for an entire struc- 
tural weight of 16% of its gross weight. In each case, the stages have 
the optimum proportions mentioned above. 

We see immediately that two stages are not always superior to one, 
For small aggregate weights, a single stage is better, but athigher 
weights the two-stage curve crosses over and gives higher velocities. 
For a better understandirg of the reasons behind this it is helpful to 
refer back to our remarks on the great.variability of the gross weight 
of a single stage. Tnere we saw that in our attempt to get higher and 
higher performances from a fixed exhaust velocity, we were exchanging 
payload for fuel and then swelling the size of the entire vehicle to 
return the rayloesd to its specified value. As the payload bevame a 
diminutive portion of the vehicle, its exchange fer fuel could affect 
the rerformance but little, while the rultiplication in size became 


‘ 


astronomical, It is at this point of diminishing returns that it is 


*For additional graphs of the sane tyre but with os pl j weleos soe, 
ii 


and .25, see Chapter 8. 





Sse One : -a! ats 
NS amen owe osin ew eee rene mee ee Gas 
a oo : i 
=o? AEC . ano a oo 
: cag te gaerage ee. Cae 
ar ” es ed ee et ‘ 
aes Pea : 


-_ seca os one 


- 
AR oem 


FAROE I HE i IAB SII DR i AGI, Pe 8 PEE ARM A MOREE SMV RIANA 8 5 0 RI PONE ts Sb ES 


~ 
nit 


ea ~L, 





| 
9 


4 ee 
cee gertpe SR ay GBT SEE 
Dae ~ art Chr ea eS 

TERRES Ls 

‘ : 


et Tt 


Yap nr? 


' 4 
Bitte 
= ah 


ye 


7 


ik 





HPs se EE 

aria | het) = 39 ) ‘, 

* 4 Vs ‘SH: “y 
: : ' 
fs AY} = 3? Beis 

i? 


aie 
|i 


MRD ANESE LTE tect 
STE 


ar : H . 
. . - 


4 
aire 
evttr 


CATON 
BD o Si SEMEN, 


Ra‘ 





a 
Pe t 
‘ N “ . + 
4 x i i i S 
eae =: }: ELE PSs HS ia : 
- aa ame Peaet, cH. rs 
ae * Bo 4 : i. 
yee “st4 a a 
ors 2 t 1, ria 
: . awk 4 . bs ; ade 
| eee ; 2 ~ WHR aed 
- 4 Sd ~~ r 4 s ql a "ae 8 a,” ra * 
a : ‘ , 
a 1 ae eae hae : ; eee Seaee tee: ,3a 
ks rerdraeh pee a r- e+ es ; “? > a $ 
5 ‘ . z ' : . ' Rays 1; + tt a z472 ee ear 
‘ - 1. oes cree = ee fen de : . 
wept. fe, set: . is i “1 ed ar aa Fa pars rf t 
ae tibet ch ove : ! an z : .t ; 
+ Lan > that m_e . < ~~ 4 ’ ban in + a 
. oe aes Titi tee De 
4 Ming: : : Ha re ; ! ; Pay fats, ii, 
aaa OTs USHUER: { 
‘ bs -3 eter 
bad « H : F v t y t 
i } : : . 74% 
i — 
Saenis , 
: ibe taj! aad 
. : - 
. ‘ zi ft? } "as 
c “? Bs . oe . 
. ~- 
=" das a 


: i AS 


4.8, 





en 


$ ao cen Se SSRES SSS RS LR Se TER SESeSS 
Eas s canes: ai Perr tae Begg te Spe Re 





: ca 
“45% 


qt orth: He ms 
1 8S 9c HT 
wer teh aint 


i 


Bi shat dagit ih 
ie tite 





ne 3 


Jpeanee eseeah Jeg: PEGEees Ges SAaem sauna: 
bBfeuseede. Ge EPEBuEe Lee eeSWAe Seas Bs SSS 
Tapeeege ee a ee eee ee 


etges 23555 aaa Seas 
capeeieeae' 2 pee NS Bgeeee ater 

aoe Ee “Beseeeas Cass 

: ae eee, = Gee See cE 

Sipe ae ee 


poe meee be 


‘ ; 
ick 2 sift 
rae ith ity 
. . pit i aif 
baat red +f 
. A reratti: 
had: { + 
"RY \ faa he 
5 . ba 
; a. € ; woth 
i ams ol 
. . at Eek ar 
7 J . lee . 
‘ bea ‘ ey 
e 5 a 
aed nares 
- a : i ie oF 
+f D. + es 3 e 
4 ¥ ‘= . a 4 . 
= iid. ; Caf! : 
:fbe! ol cba Obie 303 bi 
= ++ ‘Lededi ae beer Hw 
stir ., t= Be; & 
: ts peade cod dated © 
en ae ts 
. 
sa 
TEE Ea: 
” ¥- ‘ 4 ae 
~* a : * a 
| es pit es 
a as NY ary 
ue ae ht ith 
+ ae eee ee poe ; . 
1° ore elo RE Rs Ml es 
we. “8 RE Ra verge oe 7 DS Oe 
si} ea es oo ee eas [dee as 


SERay 
LA Hee) 


ats 


eae f 


+ 


Yr? J Foy Fe Press rt of oes tet dy 
: . iy? a 
f $1. if 
rds sthyeca: 
H re 
a: ce : a 
H t 
or Li. eit 
: wet | 
é iti 5 tes bee 
. > ere beri bs 
I ede feeds ye feet! 
tad . toe aes 
erd . e 
. - 7 4 = ca 
i * . 
. re rer: 
pie gig tp gts. tt 


bt a a 


bait 
Hii 


id 


aos — a 
Seeceee=se 
sess5 Sess 5 


5 pay tm ’ . a 
oa Ser ee me pose 
Dastiecae? Veep oe ee . . 
: ier Gite veces. 5: 
ei webeane Sone se: senneee: ~ ; z : me ‘ 
mye ee ye ee : : 
wpe de ge te re ee J, ' 
es ie oe wo Fieay see oe 
” see U eaten ns! mba ons mn Soap 4 
4 4 


& =BY 


seed am. Le tsp eee ay 
af : aD ; ES apeiNk 


Ang 


saan 


1000 


500 


iO 








May 2, 1946 (Corr. 5-246) |. SANTA MONICA PLANT : ‘a woven, #1034 
PRELIMINARY DES ION, OF SATALLITE VERI TOLE wee. Weteia ee ONS 


or 2 a 2? 2 
” {ORE 8 


TIA Eo yc. 


a Chapter 5 





Beteer to use two steges. This same line of reasoning answers our 

question about larger numbers of peace, because as the two-stage’ 

vehicle reaches its point of diminishing returns, it is ae re ae 
to use 3 hae hae and so on for 4, 5, 6 and higher adncees of stages. 

' It is interesting to note that this sinplified analysis would indicate 
‘that the Germans aad have accomplished the mission of the V-2's with, 
an approximate 25% decrease in total weight if they had used two stages 
‘nepeanor one. Undoubtedly, with all factors taken into account, in- 
cluding the urgency of the situation, they were well justified in 
using a single stage niesiie, | | 

Thus far, by neglecting the "practical" details of gravity, air | 

: ( a | | resistance, variation of exhaust. verOeeEy. with altitude, inclination 

of ppeent path, control, maneuvering and the like, we have indicated 

the possibility that our technology has advanced sufficiently for us 

to launch a new satellite into space. Now we must determine how great 

will be the influence of these "practical" details. | 

First, let us consider the effect of gravity. So far, it has 

made no difference whether we used our fuel to produce a large thrust 
for a short time or a small thrust for a longer time, All that 
aattered was the velocity of the exhaust products and not the coxnsump= 
tion rate. However, when the vehicle is accelerating vertically upward, 
this is no longer the case. If the thrust is insufficiently appe to 
exceed the weight of the vehicle, the rocket will ineffectually expel 
its fuel, accomplishing little more than a display of fireworks, It 


oa | can easily be shown that for vertical acceleration, larger » 
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velocities will be attained as’ Eveatee thrusts are sea for shorter 


times. As the thrust becones infinite, the velocity will approach. : 


that calculated by our simplified analysis. This concept of an in- 


‘Pinit ve thrust, frequently encountered in more Deas treatises on 


rocket vehicles, would indicate that the of fect of gravity could be’ aaa 


negligibly small. “However, closer examination shows this is not the _ 


case. As we increase the thrust, the weight of the rocket combustion > 


chamber, pumps, piping, controls and associated structure goes up. 


Furthermore, the remaining structure such as tanks and supports is sub- 
jected to increasing loads as the thrust increases, with a wenceauent 
increase in weight of these items. Since we have seen that the per- 
formance is critically sensitive ee structural weight ratio S/W, 
the increase of ite parameter will vepeary nullify the benefits of | 
iNeed sed acceleration; in fact, we would a a that an optimum 
acceleration exists, representing the best compromise between the ad- 


vantages of high thrust and the accompanying disadvantages of high 


structural weight. Unfortunately we have not as yet laid the founda- 


tion of structural analysis necessary to pursue this investigation 
further at this. point. 

If we attempt to examine the other "practical" factors in detail 
we shall find that corresponding foundation data are lacking for them 
ed Consequently, Pee advisable to turn our attention now to a de- 
tailed examination of the capabilities of the rocket power plant and 
an analysis of the feasible weights of structures. Later we shall - 
resume our aaeatipatidy of the "practical" details. In the analytical 


work that preceded the writing of this report, performance studies, 
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structural analysis, ors the assessment of rocket power plant capabilities 








Chapter 5 


Consequently, in the od two chapters, which 


deal in tandenten rockets and structural weights, we shall find frequent 


results of our more detailed performance analysis which | 


will be presented later. Unfortunately there appears to be no way of 


4 ode 


avoiding this lack of straightforwardness in the presentation of a sub~. 


ject whose parts are so closely interrelated. 


As an aid to the reader, a few words of coordination may prove 
helpful. It was decided to investigate two vehicles, One employed 
alcohol and Liquid oxygen rockets a3 ea of an established 
technique founded on the Germans! sauseiine with the. V=2, The second 
employed liquid hydrogen and liquid oxygen rockets as representative of 
the top class of high velocity propellants, It was found best to use a 
four stage vehicle when using alcohol ana oxygen and a two stage vehicle 


when using hydrogen and oxygen, 
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ROCKET POVER PLANTS AHL FUELS 


The inportance of selecting propellants which Pive high sxieust 
velocities is obvious from Chapter 5. ah exhaust velocity cannot be 
the gale Acsricn. re One or both propellants of every systen 
proposed to date possesses physical aeyaewelies which are so extreme as 
to present major eneeneerins or operational problems, in sone cases, to 
a derree almost precluding use of the propellant. seneuanentiy: along 
with a consideration of specific impulse suse one papel se enine of 
the other advantages aA disadvantages of a particular ayaten. The 
disadvantares of some properties such ag inflarmabi lity, corrosivity, | 
toxicity, sensitivity to detonation, availability and handling and stor- 
ing qualities are saviewa, breed, auch as high vapor eeueure, low den- 
sity, low boiling point, high average molecular weight of the products 
of combustion are not so obvious and require # few words of explanation. 

2wo types of liquid propellant systems are used: bipropellant rer 
monopropellunt. In the bipropellant systen a fuel and an oxidizer, bot 
of which may be a mixture of two or more compounds, are mixed and burn- 
ed in the combustion chanber. In the cuse of bie nonopropellant system 
a liquid or a mixture, which is stable at ordinary temperutures, is ae 
ted into the combustion chanber where, after ignition £t decomposes at 
the temperatures and pressures prevailing. The bipropellant system is 
more complicated than the monopropellant since it Sresenics “eobieus of 
designing injectors to give good mixilg, of feeding the propellants at a 
constant mixture ratio uid of providing caniea: tubing and pumps ox chee 


propellants. ‘he monopropellants have, in generul, lower specifics in- 
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ducts in the motor walls. 


pulses und are inherently unstable, decompusing explosively under high. 
temperatures or shock. 


Hotors operating continuously for periods longer than abouts 30 


seconds riust be pNaRET vi th cooling. One method, known as regenerative 


cooling, brings one or both propellants to the conbus’ sion -chanber throug] 


- 


This systen is linited by the ability of the 
propellants to absorb the necessary heat without boiling or decomposing. 


Another metnod called film cooling injects a liquid, preferably one of 
the propellants, through numerous small orifices so as to provide a 
a | | | 7 


cool film between the hot gases and the motor walls. This system was us 


on the German V-2 motor in addition to regenerative cooling with alcoholf 
the pases nay also be reduced by using an excess of fuel 


Temperature o° 


or oxidizer, by addition of water to the fuel, or by injecting water di 


rectly into the ohanber. If carried to extreme the latter methods are 


costly in specific impulse. 

Unless gas pressurigation is used punps are required to supply the 
propellants to che combustion chamber at Wek pressures and mass Plow 
rates. To keep the weight of the punpins system low it is jeu ieanis to 


use high speed centrifugal pumps and us few purp stages us possible. 


Weight saving along these lines is limited by cavitation. Since cavi- 


tation appears on the blade at the poins where the pressure drops to the 
vapor pressure of the fluid, a propellant with high vapor pressure leads 


to lower rotutive speeds and more stages and so to excessive foed syste 


wWweirthts. Low density of the propellant’ niso increases pump weirhts. 
roe > P & 


Tnis is due to the fact that lower densit: reduces the pressure rise 
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ner stare of a centrifuzal pump so that nore stages are required. _ 
The specific impulse of a propellant systen at optimum expansion 


ratio can be caleulated from the formula 


(3) T 26AG 


if T., M and ¥ (respectively the temperature, average molecular 


weight,und ratio of the specific heats of the gases in the chamber, are 


-xnown Por the pressure ratio P,/Pa* Now Do/Por with minor reservations, 


i can be chosen without resard to the propellant systen and, although yY fF 
a | oe } 7 ene a 













varies sone eee different apavene: its effect is conparatively smell. 
ilence tha ratio tT ./s accounts for the major part of cna Aeemeton in 
sosciris impulse exhibited in table (1). Stoichiometric mixture 

ratios give a raximnum for T, but ao necessurily Lor T, /Me For 

example, stoichionetrid mixture ratio for liquid hydrogen and 

liquid oxygen occurs at approuxinately 8955 by wei ght of oxy- 

gen, but figure (1) shows that the maxinun of T /M as reflected 

in tT lies at about 76%) which corresponds to nearly five aoiue of 
hydrogen to one of oxygen instead of the stoichionetric ratio of 2 

to le. The reuson, of course, is that the low molecular weight of the 


excess hydroren .n the pauses reduces KM and more than offsets the 


decrease in tenverature. 
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TABLE 1, 


System (wt, percent) 
23.9 liquid hydrogen, 
76.1 liquid oxygen © 


45.8% hydrazine, 54, 2% 
liquid fluorine 


60.1% hydrazine, 39.9% 
liquid oxygen 


32.6% methyl amine, 
67.4% liquid oxygen 


31.9% liquid ammonia, 


6.1% liquid acetyline, 


60% liquid oxygen 


25.4% liquid acetylene, 


74.6% liquid nitrogen 
tetraoxide 


41.5% liquid ammonia, 
61.6% liguid oxygen 


58.5% hydrazine, 58.6% 
hydrogen peroxide 


9.8% liquid acetylene, 
21.1% liquid ammonia, 
69,12 liquid nitrogen 
tetraoxide 


40% ethyl alcohol, 60% 
liquid oxygen 


71.5% liquid oxygen, 
28.5% gasoline 


24,0% liquid acetylene, 


31.4% liquid ammonia, 
44.6% liguid oxygen 


19.4% liquid propane, 
€0.6% liguid nitrogen 
tetraoxide 
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TABLE 1. - Summary of Rocket Propellantg (Cont. ) 
Bipropellant Systems 
System (wt. percent) Spec. P. To T, M I 
Grav. atmos. OR, OR. sec, 
a (14) 46,6% liquid ethylene, 774 20.4 4,040 15.00 236 
: 53.4% licuid oxygen 
P(15) 40% nitromethane, 60% 20.4 5,350 24.3 227 
; hydrogen peroxide 
(16) 70% nitromethane, 21) 20.4 4,950 21.1 226 
hydrogen peroxide, 4% 
| water, 5% methyl alcohol 
f (17) 92.9% nitromethane, 12139 20.4 5,160 2,910 225.5 
7.1% liquid oxygen 
B(1S) 21.44% rethyl alcohol, 1.239 20.4 4,590 2,960 225 
| 78.56% hydrogen peroxide 
8(19) 22.2% gasoline, es 1931 20.4 5,290 3,020 23.92 221.5 
liquid oxygen, 23.3 
liguid nitrogen 
B(20) 57.1% methyl alcohol e7in 20.4 4,120 2,350 221 
: 42.9% liquid oxygen : 
B(21) 25% aniline, 75% red 12390 20.4 5,925 29-41 220.5 
| fuming nitric acid 
(22) 17.9% mono-ethyl ani- 1.396 23.0 5,060 3,400 210.0 
dine, 82,1% mixed acid 
4(23) 33.6% liquid diborane, 706 =. 20,4 200 
; 66.4% water 
B (24) 24.4% ethylene diamine, 1.174 20.4 3,140 1,780 196.3 
: 55.4% hycrogen peroxide, 
; 20.2% water 
(25) 48.4% liquid ethane, 760 20.4 1,910 12.40 180 
; 51.62 liquid oxygen 
a ne 
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| * . (Qe. 20 
@ au . Chapter _6_ 
TABLE 1, - Summary of Rocket Propellants (Cont. ) 
Monopropellant Systems 
Systen (wt, percent) Spec, Po T, Te iM I 
Grav. atmos. oh. “Ri sec, 
(1) Nitronmethane (100%) 1,139 20.4 4,590 20,3 R22 
(2) 80% methyl nitrate, 20.4 4,370 20,0 22k 
20% methyl alcohol 
(3) 70% nitroglycerine, 20.4 4950 22.9 217 
30% nitrobenzene 
(4) Witromethane (100%) 1.139 20.4 45430 2,400 20,34 216.5 
(5) Diethylene-glycol 1.483 20.4 4,590 21.8 215 
dinitrate (100%) 
(6) Diethylene-glycol 1.483 20.4 4,540 2,520 213.1 
dinitrate (100%) 
# (7) 89.6% nitromethane, 1.181 20.4 4,450 2,400 212 
@ 10.4% nitrobenzene : 
(8) 90% nitromethane, | 20.4 3,980 19.4 211 
10% nitrobenzene 
f (9) 83% nitromethane, 1.123 20.4 3,940 2,050 206 
17% nitroethane 
B(10) 90% diethylene-glycol 20.4 3,960 20.6 204 
: dinitrate, 10% nitro- | 
: benzene 
(11) Ethyl nitrate (100%) 20.4 3,530 18.2 203 
9 (12) 61.9% nitrometnane, 1,205 20.4 3,310 1,650 195.65 
: 38.1% nitroethane ) 
§ (13) Hydrogen peroxide 1.463 20.4 2,258 1,173 22.68 146,: 
(100%) 
7 (14) 87% hydrogen peroxide, 1.381 20.4 1,668 840 126, ° 


13% water 






- A bg os cs 
4 £ OP 2% ie 


yt 
AONE RL EOCENE MEE: + ERIE ew MRE BRE ART REE A CORS SEE IIP LEE A ORY 2 RCS ANEE TH Nie SRR EET AS | 











(Zh Report No. 





nC 2 ee ' 
a Ae ta YY 3 t 6, wD naa? lin. : oe. ; m boty ~-1t—Plant 
Da te . L bai2 \ ap ZF & i Sie aes ies hah dh, cabinet 1G vecaethy meee Fs bs HORI aes 














~, ; epee - Pe pater: 
Sees : 7 ae * teaXtatinlcset VOR sk een ‘ >. 
i mney hee Pe te ee ood =e pen A cee i ee eee te TEE Ren epee eee ee ee A ee ee ey .* ~. pap mien pecaaeria a a co tear RE Sc as ape ia a asia ine aah : Pore ae a 3 ‘ . ‘4 
aie ard a so : ste Bee a ee Sot ieee ge is a a ie ss ne «* : ate af iar ley” Bh em ees } “ ee « a age | i . . 
oar i an ‘ a. i Nog ney ane * ji c ‘ - aac cate res ee Ce a eee} or 
an > . 74 eo an | r ae i t d : a ita #6 3 oe F rl t 
{ ‘ : ee 3s c ; mes . ¥ fe 5 i 7 ? ‘ ae ae a. , ' ead we ose asus . fan t ‘ teens 3 rd 
+ ' : : - . - 8 ee a oo ey te . . _ a eae oe = Pep iiiaroe ia ae 
{ e : ; ane : ; A ‘ 7 . a wine > nen rey ym ee ae a 8 ewe cee cures, ia ot : eae - ; 
. Anim « + tame ee bebe ee, Gai pete apie Se : ' ' : , eal ihe he: . See 2 j ee ; 
ae « ‘ Mo: ‘i ; ‘ ‘ : os, = - : : : ihe tas 
1. a ing ; : ee ae ; 
‘ : . . ‘ WHE Bae errr rere | a 
: 4 
s : a é @ MAL Wa re, wale = arts we Domne meee ers aver fae Me = oss mena Some +0 ee. ee te Sree 
; We cee: ce eee ee selene SRS LR Ott a cd eres : sap ee Se tags 
: ee at ne ng ae ey eh gl TR 10 eta RS A cart +4 Seeman Se a ete Te tines : os pe oe a 
? . * aw yet ala ae Peer od “5 
; . 
* ih ee id “. rdere — 
‘ . See —— —— gi A ae rit ce ee nO er ——- een 7 pons 7 ries e, + : . 
eee “ : —_- o : Z 7 3 : : . - vee ge rym et “} . . hon a - 
; 7 i 
)- : ‘ i. Bs 4 : ee ers Pew eunwt ee Sh 
: ? r cto . 2 : : oa ; Aes 
a: , ? : : ; 7 it Ns oe xe ag 7 iy ac te 4 4 } . Pe ae t 
} 3 ay fee as - 2 . * 3 = ne . ¢ { £ : 7 
t ion é oo or . ‘ ; { * * “ worse oe . * oa Sn ed ww 4 , 3 oe ee? 1 4 + . 
a me , saanaies ‘ a i Scuaie eas eee! : pene sues : nae . — . gre fe ree rrtenrer pete } w oe oy ~ PERE SE pene a ee eed 
i . - — co a ae a er a eet et 
a ‘ns —< ee ee eee ee eee ee ee — : “es — ete me ge SS * x oe 3 a r { aah op’ oe oP ee 1 eure ft - 
—* . te ‘eo ; aia Per a 2 - ’ - 2? ‘i eyo eae Ma <I . ‘ ec arn 7 ste + = ‘ } i } 
: . , 3 i . neha ae eee Tee eer ‘ abe t ki “4s * t ror is, © oe as awe? - 8 4 atom t aad on 
‘ } 3 7 ese . : any : : * bot gieaces 8 48 Saininy ‘at ars t.. ae 2 ‘4 < 
: oo es fe © Aes * ws ‘ rt ee ee ie } - e. . “4 . ay ' + Z i i a r a 
: : “+t ; : : 8 oe ih en sap. Ot ; ry ee : : . a ee nw ae Pane a ie Py 
, ; : : ! b Seemann Seca ied she cic yh eek tae gene eee cee care ee em ert ees conn mee Tone ta gp ee ee ate et cart 
=~ 6 + = + ne ee Pe eens Se ee a < , matt at * aay = ines conoeere! re Semaad : ree as ee ee Y <2 Oe ~ ap : ee ra i ie: { : 
: " , . : : : _ ; ‘ 7 * . ae cet a eee ~ 
ow 7 me's - bon A 
: aaa ; ae : aoe as eke A hes Eg 2, fatacdee g gts tedden eae iia de 
S . = ’ é ' - - Pa ee) t . - ” “- +s . 7 a ‘ 4 : : ‘ 
. qi are Pa ‘ 4 = 4 “ ae “4 e 
: ‘ . , its qe . od aitg : 


iB . ‘ . 
. ae 2 aad 
vo le oe te 63 a. Sar Ne cee Aine Mitt eee ee es me Lt nara Dee semua ny eee <M was te arene ee A cele Se EE ot a petty rep ‘ 


iS eer ara ae 

- ee ne ee 
f rr 

or eet Sennen one Cee anne ere menial eittaatel os — 

es art + 


we © as 


4 

{ 

t 

i 
bac 
L. 

{ 

ti; 
eh 


- eae 
> 


— eee oe arene — A it eh ae nae meen ay a A hat ey ee “ee ae we Ae Ne ae “Ate a er eel nee ee aed | 
2.4 * ’ . . P a. : «Me too : 














73 ‘ : : ; 
. Fs = > ‘ : 3 
: : : ; : i ae “e : eee ee en fe nee oh te ane pn re pe metas em ee 
wee on ee me ee re ee 5 dered Filet) ah (ie contac pcan ce ale 8 seman Sab. <a ee Ct nn. ants wey ee cee > 4 : : 7 : . 
4. ems i . A 4 . 2 : rr ce | + 
z ante ‘i 7 ae > yee pS x ae as 2 o> ‘ Ps cae ms 
i * Hy Lee ‘ A my 2 . « 4 . ’ . sed ~ oe 4 a @ : : a 
oe es ; See rele ee ae ee eee 
To: —~ _ ALGO ca cae te mem ce pe Nr Be te me a tea emis eee ptt new nee ar dah retin * Ne Reet ey ei atS mapa emenasih sare: = sney ere — ~~ : estas 
¥ f ‘4 : 7 _ eA aes rae ae Fi foo on ee = A . « . % : ( : 
{: : : av 8 wets : - f : rae “- x » @ J foe es he ad : 
: F : ‘ RA a. "hk, “adh & § G25 ; Lee nS . i 4 j a ae A 
‘ . ¢ e bos « eon as . 
: : ahd j 4 = 3 H re : _ Bie . ; eos abe bata en cote d a ee 
ee ee Lee ee we cng ee nee ee nen ofits tate ony tees are ane ser Re ee peeneree mage rene te ne erence ee a ens ; : eines ses a ecneen 
f ‘SE Soe eee eae 5 aS gee eer ee ee ee es ee 
. ~ ‘ i ova a b ” rt a ae) aed oa ome oh 8 ae ak Cased - - 
f me Bn me he BP Bevig ox ae: : i Lt ' rae : : a a. Obes ee ey mee 
: : H : ) 3 a Be a Se : bees re Caer a errr. Sava 
* $ é Seite pale enn ae i } : 
: 5 : : , : ent ny —eecetrenrsarrsd eg - ee ee ~~ 
Re pa 7 6000 ee mei tne eee = A Om ee. mtdetentiy Re adr mr ee mpi AS rms AIS —ereree— eat ee ee ancora etn erate : ameeuber a: arse 
: a * -? ae | ‘ . } . . te -+ « . a a Swe -¢ “| bins We l 
as br we 2 4 : } ‘a + Tete ~{ . t ae t. < pune t 7 aay “e : ae aia ? oe, 8 
t. = ' Ca x . L.. . 3 , : - 4* : oan e- ; = 3 ” 4 a ee : . Loaee eee 
t . 9 5 ‘ i aoa Ne : : .k >- se ay s t ; oe ane i aaa Ea 
rs : : aie . I REIE) Nee ROS = gh Sha ceca a ah og at sD eae ah eminent va ans a aed, OR Bt tetene ae weer cee 
iT “mn a ee tds Se ed die ea ieee, eae e Deere ae ee ef ie femme ne eb ea eee + woe bans t ~ ; 5 : ee oe 
= basa aa rde 1 ‘ ’ : ve : . : : 1 oes ‘ Sle Sete é ; . a Se, 4 
oe F te ae ' < e Pee eee ee t - . +: nyt 4 i » oe . « . i 0 ‘ j 
ry > ‘ 4 5 t : + ‘ s oe det Ca ee ca #es e a wavy : 
+ - * - . ‘ : , moa sgn ~ es - Peeay a Si 
: eam ‘ Se tp ee era a ee nee fo asa eet ea lh eat, heey 
rae “2 é i ~ . : a ener af, . 
; ; : F 7 : - tee ep ak wt eo and Sygteh Ubd Aeawese ede . Spe | Higa “Seah | fp Poe “ Se wee ee ere ae 
: oe vie ‘es 1 ass Sea 
eS : oe ait : : Rad, astee eas apie tga 
- at sa 2 : 


: : : - we bean . : et, Me . . ae aiass cae ots F | ae oo * ; 
‘ - . a ¢ . ee) a ee ee! oe me 
Ue ee ete ne ee eC ee A roan a i - : tL : 
: i : 4 - a - ahi A ina ow on. 


LEAATURE | 
UR 
. ae 

gy - 
ag 
™~ 
| 
| 
| 
| 
| 
oh 
S 
a 


ee 


. Pr} . . . . ' 
oe Sr ae tos . . . 
» i 
* . nH ee ge eet te ~ 
. ; ; , 


fF- sarees aterm ceecinies thm ee tare ek fncpananemsnngs nica gs 


re cere 
Se ee eee eee ” 35 & 


Uy 
S 
O 


Ck 
f 
or 
t 
AR. WELG 
: ; 
i 
wleteal ai jC pees 
. 
ney ene 
- 
Bai 
i 
I 
se 
i 
hte 
t 
ae 
f 


ae Rw ae a mw 









Se a 6D Geman PF OE nl nr ml ln np 340! BS 
Qo as pee ine “iy, | eae 
: 17 ‘ + : 


A 
Oy 
iS 
Dd 
}. 
) 
| 
i 






| 
| 
| 
| 
| 
| 






‘ A } . t a 
s Cee Ne ip ea oe ae aes Ue oe Ao, . eee 
pS lees aie ae eae ie a ee — ee ae Is. 
ae he Ace ales, so : , ea a BO 


wm FHGOP AF-—S- 










ar eae | ; nes 
4 soe 2 . ‘ ‘ ‘ . i hed 2 : + : : 
: ‘ . : 
s : : ian is Ca iw oe : 14 es . . Pr ‘ 
i |. Sd : Poa ee 3) ced Ae wee = ie iy de . , at *)* i sade e Jb. 
ome emer eteakteiaaad “« ee tae em me al a ae iar poems anaes Deas o swe fr een . ee eens — a mame ne ime gon pee 
. - : . ~ “4 ‘ ‘ te . t * ’ 4 7 od woe eet 
. es i . ‘ as ' . . ! ; : i - ‘ a surge wlisa: 
ae oo : “ se ~ eo. - . . . 4 + - - homie ; be: i‘ 
2 ' i . a - + te . : t ‘ ee. . iN . 
fe ae ae £) f} em td eerie a enh wlan A net wreath arrest pate eee amt 3 fea 
st F se nS a ay j . t » * eae & : | sean 
_ 7: ner a ae Se ald 
. 4 . - : 4 . aa ages a 17 
. t . ' is too bi. ° - t P.. ‘ pote we Fen 
a ee ed oe Se ee Pry Ce dP od Sateen ail Doe ie ate em a ee ee ee Hone oa eater * ee eee eee 
oar end , ° HM + i ose aoe seen fn 
eat | a : i a Os 
t 
. - ' { -¥ . a Se 
+ 


a 
* Ae we eth 





me OG eh Me Am ett en netfee ei eI a tier 













oS sei 
= t 1 . au - : , j - j - ; eee dime {: - 
t ; be + : : se 0 me ; ee ore 
ee ee ee eet Pe ee ee eed ~ sett PE cape oes _-_ led Se a ee ne oe ee ee ean a one 
. ; 1: ' - er : (. } ne Sora : . 1 took mae eee? rae 
} * r sf 2 5 . -- “ . . ’ . ? ae ba ame A Saw a ‘el 
‘i } i Vues So bs se ge a ‘ g hens 7 t. Pa aoa . 
: ‘ are 4 i H ee on eee ea 


Sea ay Oe 7 puoe aes etben a Nene /vece my pe de 


: 
4 
: 
arts 
ee 







, eae 7 7 Per ee gaat : wee tg ‘: 
' oy 5 are a wa pies: (OE “ek oe . wf ae ; ; ae te 
! ‘ H ; sei sig at ee Vasc ee, Wa a ae : ; 
eS ae a. 65.4 nae : 4 ; Asie 
j - a6 ese . . - sae new “ge . ren « & Sac 
we ee we pe ee “ a te eae meme te Wee “ . = ee aan Ce Be (colsinamneed-amemmbemmmiten: ten etreetl 
» 3 ‘ - 4 > Os i ae . | i . ath ene we SAE Sie 
. ‘ "3 
ae ; - : : : “ ae hare Se” cect _ 
‘ ~ ’ 7 . } ‘ : . as . 7 Pars 
oo J ‘ ; : ; 





os 


> 
Me et Peer ee owe 
» 


of 
Snes 


ae , 4 4 Cel 
Ph : a. diat ss, oop if Han ~s a . - tore ” . 
. ae ae wa Sie esr pas ace os 
a4 | 4 = : rr | , 
a re ee ee ee wee yi a ee af mw me me —~ Ce ee 
. . ; . al | ~~ $e. ew : 
: : ¢ j i MR e Beate eS 
_w . - ‘ ar) a | 
‘ 4 7 @% '° Pa ae t 








j 
eran *. ce ae Ves masa mie ape ins Sel nr et ee See a le ate Se mnps cee Ri pe 


3 ; ot dost 
, ‘ i ‘ $ j ’ - . . OT 
‘ ' ; Py t . . . r : : . | a ks ie se", “4 1 « ” * 
‘ ‘ ’ g . + : ¥ : } é ~ ] “ 3 : at can 3 ‘ 4 4 sR f] 
“ “ - , ony So ae ee ~ ¢ : § . * bona t oa he - 6 be 4 t “ . 7a eet gs . 
wae, et eee eta, b - matt wy aed ieee iene I Read eles Ree sae ee $f cree etree ee ane cet Pn te omen he mene q pe er a oa meee ei Fe 
~ . t oe i 4 t - . Fi . se re eg wg fa . - =? s } , Seek 4 3 Cae aay : i Fi . « 4: aie eT a) & oa i ». 
+ 5 a4 . . : t- meee : . . ; soit eg se he F dn a er! aa ik ~ +2 -tere a er) Se (tae 
P % , . 7 e- 4 > - 6 i a aan : - 4 “4 i t : a | De Sips Gaveee'ts 3 Pace fe ‘ ‘ ee ete of 
t ° . 2 
“+ 2 . ‘ : .4 
. t 





Py bd ' J Py . . *- y; ~~ } - 
. ; i : ; } #8 t 7 ¢ t { a Lie ' so a es { . ' ee 
sO | os : Sa 8 ee : a ‘ 3 : i des Be yb ae So sige te a oe tbe wpe 
as 3 A ‘ , . a ee aia . t 2 gt ow = = 4 . ds Bhai in set 8s oe y e- roe lone 
<a ‘ os ' 3 Ss . . iis - @e- : 1 et Fae lh ee ae oe ee Sree ene tan: 4 Sn Rae “cals Coder aie Sg, awe T a ae ee ees 28 ein ee aS epee SS a oe a 
. . : 4 
; : 4 Bloons Oakes a: ae 
ah ae t é ‘ . ' 
. : . i ; ; ; ¥ : rae ene ene i ‘ . ' 
i Pe & 1G ein Lf QU 1 XYGEW - DRE A CHEB Re oe! Shas 
: ' ‘ re er ar Pee ae Pa : fs “ oo. 
et ee ge ek ete ab etn aay a : + aes - ete as eee Ie an ee o- F, he ee a 
. nd ~ ee + ‘ metal © oe we Fer ae ee reed Pied on a te . : 2 ewes TO feels es arenes . nae | Sere doe mana ia ee ee ans oo 
: t r . ‘ » ; 7 ‘ , Pe ‘ " a : 
: z . . F oa | ‘ ‘ . : ’ ° . ae wap. ; : 4 
fi r t » , - . : 
" t ’ t : q i . : : : : > . 7 : 
t . oe . : hr \ . 
j + ; . ; ‘ : 2c i i t, We a4 ‘ we - en vi, : 
are err a a . Ste 4 ” 4 - nem ae Spo wag ; eae = . . é 
i oS : - « : . ; - . } any .G sae ae = Ses ie * Seek cee fe oF eee Sewn) o> tg el welt tomes . : 
r ‘ ; : i = : am | a * = et s¢< . oF . . ~~ : ld ‘ 7 
1° > “ . . H : : : * ; ; 4 oS 
. - ee | ae % 2 : . oe : 
ee ad De es : a ee Ome & 
j : t ; ! : so t . = 1 “3 . ry y . - 9 ames, eo. ov) shee 
. . iv Tn Pa : “ . 4 ary *,ase Qt. a, Be . Pee ee Tee ee + 7 . = : + t . . . 4 4 
. : “ : “ - i . 2 
mata ste Hr cmbnetian te agen weedy cucu MS Be Ne am Re i oe Antec batts tbe weetewnts seep a anehaceia tia ane ek emma terete | lnk vender eamitee eine net es ben ee ene occa ab pauenan aetna ene ae vent see en Spree eg. i om 
Be 











PREPARKEO BY: 


OATE:__ 


TITL eg. 





ge U. Pushles DOUGLAS AIRCRAFT COMPANY, INC. mace: 45 — 


Wyyre 3D Tqa@t: vy ra i+ ae By 
anes. 295". » 4 acevllees MO Los _ PLANT mover _ #7aUud 
. ea Oe is eae ‘ roa = EN ry tsi tes Yroewy aa ’ ‘ “Y ce 
orl: ite Sache Reo ecde Seas bek yds sled igh- Ding aba es tags veal Seca tetas ts Veer * weahe i Een Siete : F REPORT NC unde 





The quantities os Mond YoP formals (1) are calculable for a given 
chamber pressure. Their values alony with specific impulse and density 
are given in table (1) for a number of propellant systens. This list 
does not contain all possible systens but is representative of roclets 
obtaining their energy fron conbustion. Av first glance it might seem that 
in view of the variety of fuels available tor consideration, Ge perforn- 
ance rinsht well rise beyona the linmivs tudicated by the table as unnoticed 
fuela with higher heats of conbustion are broupht to attention. That the 
problen is nov quite so simple is shown by comparison of liquid uxygen- 
alcohol with liquid oxyer-gasoline, The heat of combusticn of gasoline 
is appreciably higher (6053 higher if u-octane is used for gasoline) than 
ethyl aloohol. Yet the specific impulses ov the two systens are approxi- 
mateiv equul. The underlyiny, reason 3s tho uppearuroe of dissociation a» 
about 4500°R which absorbs Large anounts of energy. Botn systems are 
somposed of the elenents or hydrogen and oxygen. In addition to th- 
equations of oxidization of alechol andi rasoline to carbon dioxide &ac 


water, the reversibie reuctions of dissociation 


re HO Sea Lo + 20H, 

. Hoot, + 0 , 

PHO eg? Hc 

i. 


ie, OO Se Oy 
Msg eo ee 2 


rm] 


enter into the equilibrium of the products of combustion for the wo 


cases. The dissocintion processes are uccormanied by the absurption ot 
large amounts of heat so tue the greater ccat of vombus lion of gasoline 


is absorbed chile i: be d-eerease Po soeuji slum. Peorn Sus exergy OF oe 
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| | ged 
genoral behaviour Lt is Svidens Chae the gortion oxidizers md Puels. ooripe 


princtpally o. carbon, lycrogen, oxy an, und nitrogen muay be Pairly rep 


sented. by the exanples of tuble (1) since the same dissociations mus% 


appear to limi the chamber temperazures. The use or liquid ozone, for 


instance, which hus a negative heat of formution, inatead of liquid oxyg¢ 


may increase specific inpulses but not significantly. 
. Since cormon fuels and oxidizers pronise nothing phenomenal it is 


natural to examine the uncommon react nus, If we turn to the halogens, 


fluorine 1s the logical choice because of ivs low molecular weight. 


Furthernore, hydrogen fluoride dissociates less easily than water. 4h 
a ‘~ bb . oe a 


( a. molecular weights, however, limit the choice of fuels to the non-carbon« 


aceous, since the best caroon compound which could appear in the produst 


of combustions is carbon tetrafluoride which has @ nolecular weight oy 


twice that of 1t3 oxyen-formed scounterpact, carbon dioxide. Another 


disadvantave of fluorine is thac it is one of the nost reactive substane 


known and therefure extrenely difficult to handle und store. Also 


aydrogpen Lluoride is sufficientl, toxie to nave had consideruvion as a 


Weapon of chnenical wurvare. 
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Metuls have also been considered us fuels. because of their high heat} 


of conbustion. However wnen the nolesular weirhts of their oxides are 
wei ghted against their heats of combustion. it is. not clear that this’ 


approach leads to higher pnseieia impulses. Drs Naas Stosiokt calls, 


attention to the fact that the heat of fornution of the gaseous Porn ‘of 


the neal oxides is considerably less than that of the svlid form. The 


latter is the one quay quoted.in the present connection. 

Table (1) shows that che specific impulse oF + Liquid hydrogen and 
liquid oxyfen exceeds - an appreciable margin that of any other syveten 
listed. If we consider that liquid onyeen ia pure oxidizer, that Te : ; 
cannot be increased appreciably and chat an excess or hydrogen is the 


C oo 7 most effective aradtioal me ans. of obtaining low average role cular weight: 


Lt sears prepemie thee tie oxygen - hydrogen system will maintain its 


theoretical supremacy in specific impulse for some time to cone. The 
syatem hus, however, a large number of disadvantages which must be 


overcome before use ‘in a rocket motor. To begin with the density of the 

system is far below that of any other system. Low density increases the 
' - Size und vherefore the weight and drag of tho vehicle. The boiling point 

of hydrogen ig 0: course very low, -259.18°C. which means that the vapor 

pressure will be high. The combinution of high vapor pressure and low 

density makes a ae welt simple pumpins system almost impossible. 
» | > . ‘ : : eS aad 
*Most of the ubove urpfumenty agains’ the likelihood of remarkable propell 


syvsteng was muined throughaverbal discussion with Dr. Stosick of GALCIT 


Sot Tropulsion Labomtory. any inuccurxcies in faot or theory must be e+ 
to visundors sundins or misquovation on the part of the writer. ee 
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The low boiling point, small temperature range (6:8°6) of the liquid phase 
and low heat of vaporization of liquid hydrogen make almost imperative use 
of thermos piping and pumps. High diffusivity of hydrogen makes sealing 
leads seg eneasteie which, combined with the fact that hydrogen and 
oxygen are violently explosive in mixture ratios anywhere from 2% to 98%, 
makes accidents inevitably frequent. Cooling a hydrogen rocket is es- 
pecially difficult. Neither liquid oxygen nor liquid hydrogen are usable 
for regenerative cooling because of their low boiling points. Liquid oxygen 
could not be used for film cooling since the more nearly stoichiometric 
mixture formed along the wall from the excess hydrogen would give intense 
heat. Nor could liquid hydrogen be used since it diffuses too rapidly 

to form an insulating film. Experimental investigation is difficult and 
hazardous because the excess hydrogen in the rocket exhaust forms a huge 
ball of flame on coming into contact with the atmosphere. 

The difficulties emumerated tend to reduce the effective engineering 
use of the hydrogen-oxygen motor. In fact, the German V-2 engineers, from 
whom some of the information on hydrogen and oxygen was obtained, state 
that comparative designs, made for a rocket using hydrogen-oxygen and 
for the final rocket using alcohol-oxygen showed that the alcohol-oxygen 
rocket was superior in overall performance when all factors were taken 
into account. | 

Yhile the difficulties of using liquid hydrogen as a fuel are dis- 
couraging, no cne of them can be said to be impossible of satisfactory 
solution. It is conceivable that our technology may advance to a point 
vhere -ums can be replaced by a lighter pressure feed system such as a 
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gas generation system, The need for cooling may be reduced by more heat 
resistant materials and the inclusion of a third fluid for the specific 
purpose of film cooling, and so on down the list. Of all the disadvantages 
of hydrogen, only the effect of low density on the size and weight of the 
vehicle is a irremovable difficulty. Consequently in a study of the 
feasibility of a satellite vehicle, the liquid ppareacne ina oxygen motor 
must be included as an evaluation of the worth and necessity of a high per- 
formance motor. 

Ey the same token it is desirable to include in the present study 
some motor with less spectacular performance, but which has had sufficient 
development to insure that this somewhat lower performance can actually be 
| e : attained in practice. Only four systems, liquid oxygen-alcohol, acid- 
aniline, hydrogen ,;eroxide-alcohol (with hydrazine hydrate) and liquid 
Oxygen-gasoline, have passed out of the theoretical-experimental stage and 
become production or semi-production motors. One of these, oxygen and 
gasoline, is dubiously placed in this class since satisfactory cooling has 
not yet been achieved. The most successful motor, to date, particularly 
from the important standpoint of specific impulse, is the V-2 motor which 
used liquid oxygen and alcohol. The theoretical value of the specific 
impulse is seen from table (1) to be appreciably higher than any of the 
other four except oxygen and gasoline, the least successful of all. Con- 
sequently, if the cheice of motor is restricted to those now available, 
both theoretical and jast ;erformance force the selection of the liquid 
oxygen-alcohol motor. 
6 ) The thecretical value of the specific impulse of a rocket motor, as 
: would be nanan never cence in practice. It is generally agreed 
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is supported by exveriance with acid-uanilino rotor whi oh has boen subject to 


extensive. investination and developmerit. Rv improving the coolin: 30 as to 
ullow Use Oey roast Cuvoruble nixture ratio. wn ber thproving the. injector 
aYaten 8. 3 ee sie specific inpialse of the acid- — 


oe. has ve ar brought up a0 90"! of its theoreti oal AX} 1TUE 6 1 


“Ae reusonable, therefore, 


“ will ultariavoly de Ce to the game raeeees or perfertioi whi oh is 


equivalent to" assiwinj apeaifié ‘cmuleds of about a20° and 526 sec.* 


respectively. In the quse oF oxygen-aleohol, 220see+ ie not overly 7 


of. “Abou: ely s08. 


~Avad Viable: bine poerni bted ‘studi 85 of ‘satellite vahioles onploying both. 


7 


i ee rotor WSU the ifSramentonol oxpecteit impulse of 220, 

ager ae oxyrenctyntro 501 notor with B spec ei ehe inpulse of 326 sec. ‘Had | 
tine boon available A a study based On: ean Licata eae hydraiz ne would 
nave. boon interest ee ; DDN monn between the hijeh porfoiriance ard 


excess sive Aion Ivantages ‘of the oNyEes “hydrogen motor and the HOuOE perform 


* 


ar baat; proven, feasibt pty or a oxvgen-eleonol rotor. According to 
table ) the syeri*ic inpuls sa of the svsten with 6053 fyaraeine is 264 
seo. and the propellant dens: ty 1s 1.001. Bath Figures are: higher ia 
those for oxygen end aleohod, The bod Liny: point ol hydrazine is Tower. 
witch 3 is algo hi ther than alcohol. Another advantage lies in we fuct 


that the motor can be. dwoled by usilis an. excess. of fuel wn thout seriously 


e. 


*These winks wT e: ‘Gyiee oi ai? sa at sea Pevel” Wi th. a@ coribustion ohunber 
pressure of cO aur wspheres which is representative of current rocket 


desissns. 





to suppose both Q sigenculeohol anil oxygen hytrd oi | 


- ‘optimiaite si rice the v-2 notor 10 estinated to have had a specific impulse. © 
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lowering the specific impulse, the loss in chanber temperature being part~ 





jally offset by the appeurance o.”’ free hydrogen in the gases. No obvious 


rd 


disadvantuges enter except unavailability of hydrazine in large quantities 
a 

and sume toxicity. The former is said to be due to lack of commercial 
demand und to be easily overcone. 

A few items in connection with the propellant feed system, the charber a 
pressure and the configuration o'° the seebustten chamber and nozzle remain 
for discussion. Time has not perm tted a study of the feed systen but, 
on the busis cf prosent knowledge and experience, turbine driven centri- 
fugal punps should be the most econonical in weight for each stage of the 


satellite vehicle. Recently the notion of usinz 4 gas generator for 


providing the pressure hus been considered and some work hus been done on 


developing the method. Such a scheme looks promisins from the weight 





standpoint. At present the turbine driven pump is the more advanced, al-~ 
though the eabeta is rather small since only o few punp-feed syetena have 
been designed. 

Gases for the turbine could be generated by burning the propellants 
ina firepot separate from the combustion ohamber. However, gases gener- 
ated from most systems must be cooled by some meuns suoh as introduoing 
water as a third oomponent. <A notuble exception is the nmnonopropellant 
hydrogen peroxide which under the action of suitable oatulysts decompose: 
to steam und oxygen. This system was used to generate steum for the V-2 
turbines. 

An optimun chanber pressure exists for uny given installation. This 


optimum is fixed by two factors, the favorable increase in specific impulse 


and the wifavorudvle increase in weight of pe and pumping syatem as the 
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chamber pressure increuses. Since, for must installations, the optirnns 
works out to be adout S00 psia, this value was assumed for tne satellite 
vehicles considered. A swotor designed to operate ut a piven Cchalver 


meressure may also be run at a lower pressure, as long us the lower 1lin.s 


oassek. Consequently thrott 


hk 
*s 


@t which the propelitn.s burn stably is not 
ang to a lower vhrust is possible, a maneuver which will be seen in u 
, later chapter to offer an alvantuge in reduced structural weignt. Tig. 
(2) shows tne cr er: Py and I with tarottliny for an acide 
aniline imwtor. Sinoe no sultusle duta were quickly available on the 
throttlei charscteristics of citnuer alcohol-oxyzen or nmyarogen-oxyyjenu 
rockets, we snall use for later investigetions of this problen variation 
@ ‘similar to those shown for acid-aniline. 
An important parunmeter coverning the gonfiguration of the negzle is 
the ratio of the exit areu to the throat urea, eatied the expansion rati 


For each: value of p /p an expansion ratio 
© S 


exists Yor which the specific impulse is ex 





maxirmume Jn the cxuse of tne satellite ve- a \ 
2 . Se le 
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1. Seo ; a . 1 oy 
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& Ccomprouise between The THULAG exrunsien 


ration a0 hiphnes. one lewest aoe asnaes of orereticn of the motor must & 

made. Figures (3) ami (6) siow the variation in specific impulse with 
altitude, for alconuieoxyyen sad innlrosen-oxveer rockets respectivel:. 

@ Por these figures, vo chuiber pressures are nsmuned to be 20 atrosuuer 
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Chapter 6 





taken as 220 and 526 seconds, in agreement with our earlier values. It 
is clear from these curves ink Yor ite first stuge of the suteliite ve~ 
hicle a smaller expansion ratio is required than for later stages. In 
the cuse of the aloohol-oxygen powered vehicle an expansion ratio of 6 was 
used for calculating the trajectory of the first stage; in the ouse or 
eianepenee can, 8. For the later stuges in both cases the expansion ration 
were arbitrarily limited to 20 ror the prelininary culculations. As the 
desi gn progressed, it became apparent that soneint larger expansion ratios 
were both desirable und possible for these later stuges. However the work 
necessary to change the calculations at bide tine was felt to be unvarrantedy 
The chief consideration governing the shape oF the oorbustion chamber 
is the necessity Lor ullowing sufficient time for mixing and burning of the 
ro propellants while still in the chanver. As improvetients in mxing are made, 
the dimensions of the chamber tend to decreuse since the tine fur combus- 
tion pousmabeass This orinciple was curried to a high degree of develop-~ 
ment by the Germans, who by the end of 


the war, succeqded in reducing the chamber 


dimensions to such an extent that they 


SPRAY 
FLATE 


were able to use the so-culled throatless . 
eombustion charnber shown in the sketeh. 


ror Lhe Ve2, this combustion chiunber was 





less than halv ug heavy us the one useEd 


on production models. 
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5 exoanaicn ratios af che order of €O are reached, a conicai diffusor, must 


be made wilegirably lone ia order tu uvoid losses in nozzie erviciencyv 


: exused. be we dese. radioed conpeonents of 
jet momentin. Tr: order two avoid this it ee 

: is advantieous to use u nozzle shaped 

as shoin: we tho ro ghe. This trpe nozzle ae : 


gos 


WAS used om sie treposed design. 
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CONSIDERATION OF STRUCTURAL WEIGHT 


Size on Structural Keight If two 


On The Influence of of Rockets. 
Dee Eaten am antiien emen amined ootetetat emia aimee 

geometrically similsr structures of different size are compared for 

The laws govern= 


strength the smaller is usually the relatively stronger. 


ing this relationship are expressed by the doctrine of mechanical simili- 
tude, which considers the dimensional correiations imposed br the inveri- 
ance of certain of the physical properties involved. 

Assure for instence, that the geometrical similarity extends to all 
etructural details, esrecially the degree of subdivision of structural 
members. If the loads are primarily derived from volume forces such 
as weights and inertia and if the two structures will be subjected to 
identical accelerations, assuming also that the structures are made of 
identical materials, then the following relationships obtain between 
dimensions M mass, L length, T time 


M/L7 


L/ 


for invariant material density 


8 


const 


const for invariant acceleration 
The product. of both implies 
LE t 3 : | 
M/L“f = const, invariance of force per unit volume 
Since stress is force per unit area it does not remain invariant 

but increases 45 W/L? = const x L. Therefore where strength is governed 
by stress, as for instance in members carrying tensile or bending stres~ 
ses the ratio of stress to given strength ireresses in linear propor- 
To assure equal strength, the larger member will have 


tion with size, 


to be nade huskier, hence heavier. If wall thicknesses are increased, 
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the structural weight ver volume of vehicle would tert to gO up approxi- 
mately in direct propertion; actually this starts a vicious circle in- 
asmuch as the increese in gross weight will encroach on performance. 

iiievs structurel members are endangered by limits of structural | 
stebility as in column compression, there the critical carrying capacity 
is also increused at the rate of the square only instead of the cube of 
size so that the disadvantage in strength as well increases linearly with 
size exactly as in the case of tensile stress members. However, where 
strengthening can be done by increasing column diameters, this would 
suffice at the rate of the five-fourths power of size instead of wall 
thickness increase at the rate of the square of size, 

Loads originating from aerodynamic action which are suffered by 
surface seo tnsonent: increas@ only proporticnal to the squere of linear 
size. They can therefore, as far as velocities are invariant as inte- 
grals of acceleration ("Invariance of time scale") be suffered without 
additional burden. However, they will not evoke euual transverse ac- 
celerstions, hence less path curvature, in inverss proportion to finear 
size. Henea it follows that such inertia loads as are derived from 
lift (and neither from thrust nor gravity) can be carried withcut beef 
ing up the Side tavel members concerned teyond proportionality with size. 

Where the lcsd components due to gravity are negligible compared 
to the axial inertia loads there it becones preferable to abandon the 
jnvarisnce cf ecceleration, retaining the invariance of corresponding 


velocities ty adorvting s time ecale prepertional te size; Ts L. Now 
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all inertia forces will vary just like area forces; the stresses and 
the strength cf all structural members will be independent of size. 
Thrust will also have to increase with area, not with volume, hence the 
throat leaaiae cf a jet nonzle will be invariant (whereas it had to in- 
crease linearly with size under the assunption of equal acceleration). 
The thrust ~rocess will now take longer in nroportion to the linear size 
and the rarge traveled under power ¥ill similarly be larger, but this 
may not be detrimental. + will reduce maneuverability tecause the same 
velocities will be attained at lesser air dengities. 


This anelysis has a bearing on the choice of the best acceleration 


peak value for a given vehicle size as this choice must be governed by. 





a compromise between those factors which derive an advantage from quick 
acceleration and those which favor keeping it slow. The structural weight 
of members carrying the inertia load belong into the latter group. In 

7 a veticle of the V2 (44) t tyne they - tanks and fusel lage - are estimated 

to make up about 5% of the gross weight. This weight component will 


have to be exmected to go up in linear proportion to axial acceleration. 


The weight of the thermojynamic end mechanical machinery of the nower 
plant which meke up about 10% of the missile's -_ weight, should os- 
sentially be linearly proportional to thrust, thus similarly to axtal 
: aceéleration. Since tank loads diminish az fuel is burned at a constant 
rate, their strencth is iictateld essentially by the initial acceleration 
of their own stags or by the early surye of it oceasioned by the gain 
@ : of moter thrust effictensy with ierey tude. However, they must also be 
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cavable of withstanding their fill fuel lead at the peak accelerations 


of all preceding stages. All subsequent steges will therefore require 
relatively s pvePgae were euee than the first cne, unless the motors 
are snecttnes Juring all of the powered flight stages except the last 
one. This means that a margin has to be applied in any attempt to ex- 
trepolate a multi-stege aggregate from a single stage prototype. 

In terrs of the whole vehicle it may be desirable to strike a 
compromise to balance the advantages and disedvantages. A slightly 
pena teneteactune is balanced by the relatively lighter power plant 
ween the thrust cr acceleration is decreased approximately at some ratio 
like pel? The following table gives a rough estimate of the weight 


Chance in % of the ptotetype gross weight, assuming the "tanks and tank- 


like structures” made up 5% and the "power plant" 10% of the prototype 








linear scale factor of geo — 
retrically similar enlarge- 
ment: i ee A 2 
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ling the prototype ac~ 
celeretion schedule, struc- 
tural v vweient inereases to: 2 5 
woiile power plant weight 
remains unchanged 
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inversely with enlargement, 
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However, any drastic retuction of thrust loading can only be con- 


sidered where the prototype acceleration is many times gravity in the 


first place. It would disastrcously encroach on performance when weight 


alone exacts a lerge frection of the thrust loading. Obvicusly, a re- 


duction of the apnarent acceleration of the V2 to 50% of its initial 


value of 2 g would leave it burning itself out sitting on the ground. 


™ 


: Actually, considerations of the influence of acceleration changes cannot 
be separated from performance calculations; they will te treated in con- 


siderabla detail in the next chapter. 
Or the cther hand, any complete vehicle of a typical design will be 


composed of various components which may be divided into several groups 


whose weights vary essentially with some more or less established ex- 


ponents n of size, or of other characteristic parameters ani these compo- 


nents will meke un certain fractions A 4, of the gross weight. 
Assume for instance, that tank weight is preporticnal to the nth 


noner of the fuel weight. (It was shown above that under certain assump=- 


i tions n< 4/3; under others part of the tank and fuselage structures may 


have n= 5/4 or sere value between 4/3 and 1; an average may well be less 


than 1,30). Assume that all other components weigh preportionally to 
gross woight. Let AW denote the fuel neight. Denote the quantities 


in a known prototype breakjown by index o 5 that the prototype fuel 


. 
: weltgne ts A, As. end tae prototype tank relight (1- 4 - 4) WW where 


/3, W. is the welers of everything that is neither fuel nor tank and 


‘ assumed to weici propertionsal fo grogs weight. Then in any article 
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geometrically enlarged (except for beefing up where necessary) the fuel 
must be a lesser fraction of the gross weight, namely AW and the tank 
weight (l-o ~7 )W. These quantities will then compare in the propor- 


tion (A WF) 


; v1 
Va 4 ht (a W. 
. Wed, 
~ A = 3s [/W _ | 
/- a y, oA Ww 


The following table of values of gross dver payload for sxponents 


hence 


from 1.3 down to 1.1 will give an idea of the order of magnitude of the 


reduotion of fuel capacity necessary and also of the sensitivity of the 





result to the choice of the assumption of n. 


Values of gross weight load. 


Ss a ae ae ee ee 
VN DD 


2310 
322000 
2860 


Actually there will also be some parts of the missile which will not 


1 
50 |] 7.3 231 5.4 14 
613 || 35 176} 21 | 80 
4350 i] 130 850 61 292 | 
23500 || 435 | 3340 168 | 920 | 





é 


require enlargement or even duplication on mother stages, for instance the 


"brains", These could well be taken out of the structural weights class 





and lumped with the ultimate payload. It is estimated that about 144 of 


the V2 may be in this category, which would bring a worthwhile improvement 
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of the mother stages! mass ratio and can be pitted against the weight in- 
creases entailed by enlergement previously discussed. However, the ad- 
vantage thus afforded eventually fades into insignificance when en- 
largenent is carried to extremes. The fact therefore remains that un- 
limited geometrical enlargement of a rocket will eventually bring a penal- 
ty in weight. This is contrary to the contention advanced by some that 
structural efficiency will indefinitely increase with size. 

The very fact that scme parts of the prototype neee met be enlarged 
as the prototype is enlarged works a hardship when an attempt is made to 


reduce the size. Indeed some parts cannot be reduced proportionally or 


not at all. They may have attained practical or otherwiss determined 


minimum sizes. This is a very real problem in the manufacture of minia-~ 


ture models. For this reason it appeare that the real weight per unit 
volume increases towards both the small and the large eni of the scale. 
There is an optimum somewhere in the realn of "moderate" sizes. This 
optimum is presumably rather flat, its exact position will sensitively 
devend on minor varistionga of the components. 

Thus far only gnometrically similar "bloweup" with size has been 
considered. The disaivantages atteniing this metnod of enlargement arise 
from the fact that nressures due to volume forces go up with size. This 
applies to all hydrostatic pressures in tanks and the critically thin 
supports of mass loads. It would equally apnly to power plant parts 
built to withstand pressures, notably the burning chamber if the latter 


were to heantle a thrust proportional to the volume through a throat 
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area proportional only to the cross sectional area of the vehicle. 
The latter is not feasible thermodynamically, there being no reason 
wniy higher pressures ani terperatures should become easier to hanile 
as the article is enlarged in size. Within a limited degree it may be 
possible to increase the nozzle diameters more than in geometrical 
proportion to the rest of the vehicle, but when it survasses the cali- 
; ber then geometrical similerity of the configuration is violated. 

Both the hydrostatic pressure aieneses and the noszle thrust load- 
ing increase are avoiied if the vehicle were to be enlarged in cross 
section area only and not at all in height. It would then become fat- 
ter at the rgte of the square root of the gross weight increase, but 
all weight proportions would remain essentially the same. It is as 
though s plurality of the prototypes vehicles were arrayed, ie in paral- 
; Jel only and not also L in series. Actually this method of fattening 
cannot be carried to several nother stages as the grandmother would 
look like a mushroom. Aerodynamic drag considerations might weigh 
heevily against such malformation. The idea is nevertheless fruitful 
in that it noints the way to a compromise: As the vehicle is enlarged, 
it may to saventese be fattened a little, thus red ucing the hydrostatic 
and nozzle penalties without growing out of bounds in girth. If for in- 
stance the heights (lengths) are increased by the one-fifth power and 
the diameter by the two-fifth, instead of each by the 1/3, the hydro- 


: static penalties shouli be reduced to 2/3, yet the fineness ratio would 


@ i drop only to 1/2 for every 32 fold increase in weight. However, any such 
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violation of geometric similarity conjures up new problems of structural 
subjivision, lerge bulkh-ais, anti-sloshing devices and other structurai 
exigencies whose weight penalty has to be carefully watched lest it en- 
croach 5 the gain to be derived from the whole scheme. 

The question may be posed: How will a change of fue] density ° af- 
fect the tank weignt? If the increased bulk is to be accommolated by 


geometrically similar enlarged tanks, then the linear tank dimensions 


, -l 
E increase as e /, the hydrostatic pressure (at any given acceleretion) 
; ee, 2/3 


will actually decrease namely as ? of 5 . Cince for a given ma~- 
terial strength the wall thickness has to vary with the product of pres- 


a 
¢ if? the wall thickness 


sure by pane and the latter varies as ‘ 
i 2 - 
will aiso decrease as ¢ 3 6 1/3, e 1/3, The tank xeight is propor- 
ticnal to the surface and the wall thickness viz to e723 | o/s, Hence 


increases with linear dimension or volume 1/3 This is a strike a- 
geinst liquid hydrogen fuel which weighs only 7% of hydrazine or about 
82% of alcohol per unit volume. This disadvantage is aggravated by the 


flimsiness of the thinner walls of larger vessels. 


Tf agein the tanks are to be enlarged in width only and not in height, 


then the tank redius varies indirectly ana the reguired wall thickness 
Jiractly with the square root of the fuel density, so that tha tank 
weight would renain unchanged. The progressive fattening of successive 
stages wouli ranidly grow probibitive. On the other hand fewer stages 


ere reguired to accomplish the same perforzance with the higher exhaust 


velocity of the lighter fuel eni vice versa so that the overall picture 
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It is noteworthy that the optimum proportion of a cylindrical tank 


from a viewpoint of minimum wall weight to volumetric content is rore 


oo 


Souc tor hydrostatic pressure than for uniform (cas) pressure. As is 


well known the flat headed cylinder of least surface per volume is as 
high as its diameter, (h=2r). 

In order to make the tank heads stand up under any uniform internal 
pressure, they should be bulged. Hence they would have a surface Kor“w 
each and a calotte volume of Krew. For equal wsll thickness the bulge 
radius would be twice the cylinder redius and the coefficients A = 1,072 
end he 274. The lightest shane (neglecting seams) would be attained | 
with a cylinder height of h = (2K.-3K_)r, here = 1.3er and the total height 
{neluding caps Hz1.S6r, somewhat shallower than the flat headed cylinder. 

On the other hand, if the tank is to stand hytrostatic pressure which 
increases linearly with height and if the walls could be suitably taper 
the weight of the top would te negligible but the bottom would have to be 
bulged slivhtly more than to the double cylinder radius if it was to be 
made of the sare thickness as the lowsst rart of the cylinder wall. If 
we &lso neglect this bulge for the sakes of i Birt Kea epproximation, 
then the weight of the tank will be indicatad by 

Weather): “a awnifh/s 


where w is the snecifie waight of the tank material, s its allowable stres 


+ pte * ee a i 


. pe anag: athe 





We ew he eet PW hee. Fe ee me ee 








“dd yey 


DATE: merge a ee Sie AONE OR g Seer tetee tn PLANT (6 MOREL: DP tae 
I | 


ome 


7 TL par x CF vy srTT 7 F rr} Wet ey t* i 
‘ . Pao ns: jo bt Des Ce ; Bes i ody i fodu or: tiv las he Ce en ae ee Saris REPORT NO .* ae 
aE ae sO tape ec ga I lh NG ol Ra aS RY NE EA i i NN et eer cee aa —— 
come as ae ae te re Rea sey eR OR NS ie TORE LR FLO a INE Te DCT Me en © ECE CSI RL sled rR Pe 
—_ = ue 
Ch apver Hf 
ee 


e: PO Ae ree is 


+ . i 
| hk 
a a <a ee oe 
Fag 


H adi gee iw? anaheim’ # a 
sg ™ ‘ ve *S,'< 20s ‘ : 


the losi fector ani f the specific weight of the fuel. Defining 
T te TF 
H»V/ri@ by the volure Y and the radius r, 
K+ (v/r“rer) Vent /s 
dw/ar = (-2V/r3e + 1) ywnf/2r s 


aquating this to zere yields 


a. ft; 
Vigror-wer wh 
heir 


id 


wrich is four times as sjuat ae the square cylinder of uniform wall 


thickness. 

If the bottom fs bulged to a radius equal to the cylinder diameter 
and mode thicker in the suwrp according to the nydrostatic pressure in- 
crease, then the lightest proportion turns cut to be k= .325 rand H= .593r 
Which is rather squat. However, the influence of a veriation from the opt 
mum is not large and cther cons siderations such ag manufacture, bracing 

and lid, safeguards egainst sloshing, ete., militate against extremely 

; shallow vessels. The lid cannot b6é made weightless, the walls cannot 

be ideally tepered, sears and anti-slcshing means have to be provided. 

q Neves eneee! ical vessels will probably be of proportions H/r ranging 
somewhere around 1T 4. 

Tha preceding discussion of scale effects is useful for giving en 
overal] viex of the rocket des! gn problem. However, in order to make 

. weleht estirates for prelini:ary designs a greater amount of deteil is 
necescory, An attexpt is made in the fellowing pages to consider various 
fe 
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the vehicle weight senerately, apolying a separate scale factor 
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o each vert. Up te the present time, the beat (in fact, the only) long 


cr 


Ws 


range rocket ig the V2. For this reason the used as & basis or 


pete 
rs} 


ari for calculation. Some festures of the present multi-stage de- 


we 


stan 
signs do not apresr in V2, and separate weight allowances must be made 
in euch cases. Since ne past exnerience or present design practice 
exists for staged racrets, various reasonable spovarirg assumptions must 
be made. 

Tt is to be expected that the art of estirating weights for long 


range, low acceleration rockets will progress rapidly as designs reach 


the layout stage on the drawing board. 
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It is convenient, in the enalysis wnich follows, to refroup the 
Stems and subdivisions of Table TI, so that quantities which vary alike 
with seale of the vehicle can he lumped. Such @ regrouving is elven in 


Teble III, with sub-totels thet apniy to V-2. 
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C. Controls | la, db, de | aS 646, 
B. "Zrainst not in V-2 - ~ 
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P. Payload 7 6b, 6c, 6d, be | 2240 
Total | 27 , 300 
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Dp = fvel pressure #/in? 
ro radius of fuel tank, inches 
T, “, N, ete. = group weiehts as captioned in Teble ITI 
. tt = wall thickness of tank or shell, inches 
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¥ = Gross veteht of ea re 
) stages as vayloed 
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succeeding (smalle 


Stage no.: Taken in order of firing, i.e. #1 is the largest, 
#4, the smallest 


T = Guretion of burntine for a stage, seconds 


Group T. Tenks and Structure 

Since a high vercentage of the-gross weight (60 : 70% is in 
fuel, it is to be exoected that fuel tank weiehts will have a maior 
bearing on the overall structural weight. For this reason, the 
structural items listed by (Gilliland for the V-2 projectile are 
all lumped and assumed to vary as the fuel tank weight. 

For our purnoses, the fuel tanks are assumed to be integral 
with tre structure, rather than senarate, although this point hes 
by no means been finally settled. 

Consider the fuel tanks in a manner similar to the discussion 
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Area = Ty ~@ 
“Ty = Tk, pa fr° 
Total ja: oe Cn ) 
| & 
= Wk, pa (2r* + £3) = rk, ear (2 +r 


2 2 
F (= fuel weight) = ptr‘l ae: 
at. ee De TK Cee 

F = Kg a(2t +r) = k a(< + 2) F rr Ce 
_ From V~2: | | | 2 Ky @ (2 her) 
To = 1980, F, = 20,490 = Ke PP (+ £) 


= 243, r = 31.5 a= 2.0 
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K= 000127 


a 
F =-000187 a(<+ 2) (1) 


Using approximate dimensions for design studies of (a) a four 
stage alcohol, oxygen rocket and (b) a two stage hydrogen, oxygen 
vehicle, group T weights have been calculated and are given in 
Table IV below. In spplying e value for a, it should be noted 
that the desipn acceleration for the first stage is at the start 
of that stage (minimum acceleration, full tanks) whereas for 
succeeding stages the desien accéleration occurs at the aa of 
the first stare burning (maximum aceeleration, full bance): 

For stage 4 of the alcohol, oxygen system, it is considered 
that the extrapolation from V-? is too great for a simvhe scale 


effect formula. therefore ari independent estimate based on a 


reasonable minimum shell thickness is shown for this case in 
Table IV: oo 
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Tie welrest grout is orovided to allow for structural items that 
do rot anvear in V-?,. There are tyvo maior components considered. Firs 
to sllow for coupling of stages, an aroun of > ¥ is allowed for each 
stare. Second, to sallow for minimum gauges and general miscellaneous, 
wetceht is assumec which je Lo Vo for ¥ = 1980 pounds and zero for ¥ = 
27,000 oounds and above. 

Group  yelents as cescrihed above are shorn in fireure l, an arti- 
trary curve, 
Group NW. Nozzle, Chamber, Pumos 

Yeights olaced within this group are those which depend uvon the 
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Group C. Controls 


Percentage of gross weteit taken um by electrical, mechanical end 


structural controls and surfaces “es been found to vary roughlv with t 
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scuare roct of a linear scale dimension, based upon onst exuerience wit 
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aircraft design. 
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Urolvetis« Provisions fas Ho 


For the hydrogen burning rocket only, it is believed that special 


D 


orovisions will he necessarv to ia maintain the linuvid state inside 
tre hydrogen tank (b) prevent escane of the liouid and (c) prevent 
explosions due to the wide explesive mixture ranvze, Although no logics 
basis now exists for calenlating the weicht of such Drovisions, a rees< 
eble amount may be 1% of the gross weight of each stage, 
wroup 6. "Prairns" 

By Poret ys" are meant the central ruicing units which furnish com. 
mends te tre eantrol syvetem in order to guide the este an its tra- 
Jegtory. A wettest eo 20° nounas is erhitrarily allowed for sich emi: 
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nce a single set af ering", vite orsper central system connections 


skould serve gi] stares. 
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Grouo F. Fuels 

The total fuel welent for each stage is determined from a percet 
pce of eross eeteee, which in turn is derived from Ppacect ory calcu 
lations for te vaerticular fuels anc number of stages enployed. Tra- 
tectory calculations are set forth elsevhere in this report. It wilt 


aa o say here tnat for alcohol-oxyreen 4-stage systens the fuel 
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cr 
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weight is taken as 60% of the gross weight for aie stage whereas fo. 
hydrogen-oxygen 2-stage systems the fuel is 71% of the gross weight. 
Grouo P. Payload 
For the final stage, the pavload has been set arbitrarily at 

509 pounds. For other stages, the payload of each stage is the rros: 
weleht of the succeeding stages. Since the gross weight of stage 2? 
(say) includes the weights of stages 3 and 4 it can be said that the 


pavload of stage 1 is simnoly the 
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ross weient of stage 2, and so on 
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for the successive stages. 
Gross wetent is the sum of rrouns T, @, N,; C, H, B, F and P. 
sine tre formuias and assumptions deseribed ehove it is vossible to 
tabulate tre weiehts for a 4-stare alconol~oxveen rocket. and a 2-sta 
hyvecregen-oyyegen rocket. These are given in tables V and VI, resnect 


ly. <ince tre solution for gross weight, fuel and structure in tem 
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trer is e triel anderror process, these figures are not 
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completely accurate or consistent, however, they are close enoush fo 
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INVESTIGATION OF DESIG. EHO. ORTIONS 

This chapter bee a double purpose. 1). The first 18 to continue 
aud develop the ae of the dynamics of orbital vehicles which was 
initiated in Chapter 5. Use will be made or the results gained in 
Chapters 6 and 7 cOncerning power plants and structural weights, 

2). The second purpose is to apply the general theory thus developed 
to the design of two actual vehicles. In this chapter we shall be con- 
cerned only with tne basic features such as number of stages, weight of 
staves and maximum thrusts to be used, In the following chapter, these 
values will be ener with the results of trajectory calculations to 
give a final integrated design. 

General Dynamics of Orbital Vehicle. Single Stage Vehicle.- We 
shall improve on the analysis of Chapter 5 by taking into consideration th 
practical details which were left ont in that chapter; namely gravity, 
inclination, dependency of structural weight on load factor, drag and 
throttling. 

Gravity - First let us consider a vertical trajectory. It will 

2 Aig hf 

be necessary to add a term, -g (the acceleration of gravity) to the 8}, 
rignt hand side of the equation of motion, presented in Chapter 5. 


ve obtain 


(1) qv. fc dm, 
dt mat ° 


which integrates to 


2 = e 
{2) Vy cin + Bt. + Vo 
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shere tj) is the burning time and subscripts "F" and "o" denote 
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; For the vurposes of our later work we shall eliminate t. in 
; terms of the maximum load factor n defined by 
; ( 2) ng = a ie 

3 max 
E at 
4 The missile reaches its maximal acceleration (i.e. thrust -— mass 
2 ratio) at the enc of burming time (we assume constant thrust). Hence 
é it follows that i 
C F 
1 n = irre maa 4 ed 
“ g S+P t or 
‘ B 
| (i) “et... 2c FC 

B (StP)n. 
Thus (2) may be written as 
( 5) AV = In BM = eae 
C S+P n(S+P) 
¥ m0 

> Ni le ne . 
(Note thet ap =i ). 
é ne 
: The following numerical example shows the impvortance of n. Let 


—— = .6 and n = 6.5 (we shall later see thet these are reasonable figures 


: F 
¥ 


v" 


Then in 25 = In y*/ = .916 and ACEHP) es aes ~ .221 = 257 of 
916. Thus if the exhaust velocity ¢ is *%,500 ft/sec, the velocity 
increase during one stage is 7,800 ft/sec neglecting gravity, but if 
gravity is considered, the velocity increase is ang 75% of this or 
5250 ft/sec. 


Inclination - In most vcractical cases the trajectory will have 


: variables inclination. In this case the formula for acceleration along 
f 
the oath of flight is 
av 
; 6 fit ss Cc. Ce. nH OC 
: There 6 is the angle the traiectory makes with the horizontal. 

nis ecuation is not readily interrable unless 6 is censicered constant. 
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Ve shall mexe this assumotion, because in spite of its inaccuracy, it 


will furnish us valuable information on how @ effects our choice of n. 


8 will be referred to as the average inclination. Instead of (5) we 


then obtein 


AV Vo _ F sin 


Cleserly, the more horizontal the flight oath, the less is the loss in 


performence caused by finite acceleration. 


Dependency of Structure] Vetehts on Loed Factors - The example above 


en | ater ah 





shows that a lov acceleration like 6.5¢ has a detrimental effect on verform- 
ance. On the other hend, it was shown in Chenter 7, that a higher load 
factor necessitates a heavier seavenis ane the resulting lower value of 
the mass—ratio parameter gives a lower value of in =. To stucy how these 
factors balance each other, let us consider a missile whose total initial 
weient f is fixed and whose weight empty may be exnressed in the form 

(>) £+P = C+E.n where C is that vortion of the weight which is 
unaffected by the maximum acceleration and Ren is the weight of the re- 
maining structure which is assumed to be directly re rs to n. 


Actually, © represents essentially the weight of the payload and the controls, 


whereas Ren is the weight of fuel tanks, power plants and accessories, etc. 


Then (7) reads 


a) AV. i Wo (9 + Rn) 
(9) : In oF Rn - sin 6 x CO Bn) 





$ | A ° . + ® 
In figure 1 we see how s affected by n in 6 vertical trajectory where 
we have uced the values C/¥ = .275 end R/V = .019. These figures correspond 
to a payload wiicn is 20% of gross weieht, a structure indenendent of accelera~ 


tion of 7.5% (.20 + .075 = .275) and a remaining structure which weichs 1.9% 


of eross weieht for each eross acceleration. . 
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It can be seen from the figure that the advantages of high accelerati 
to reduce the loss from the effect of cravity are counteracted by the 
poorer structural veicht in such a manner that an ootimum acceleration 
exists. For this varticular example, the optimum acceleration is 7.¢. 


This could also have been obtained by the aid of calculus. Namely, if 


Vv, ; ; 
a AY is esuated to zero, one obtains the folloving cubic equation for n 


| ae 
: 10) (E) 24 EID 4 a Rl 24 op BO. 
; ( V/ . UW ¥ ee see WUE 1 n* 


- )- O, where a= sin @. 





In Figure 2 the solution of this equation has been plotted against 
R/h with paremeters of = and @. This chart is very azar for a rapid 
determination of the aporoximate value of the optimal acceleration. 
@ Tvo corrections vill have to be added for a more refined analysis: 
1). A correction based on a more exact weight formula. 2). A 
correction for drag. | ; 
From the discussion in Chepter 7 it is evident that the expression 
of the weleht emoty as a linear function of n is over—simplified. 
However, if we use a more accurate formula for the weight variation, we 
are forced to abandon general analytical methods and shall have to 
reduce ourselves to a nunerical study of a concrete example. In 
choosing this Te we anticivate some results to be established 
later. The oxygen-alconol missile to be proposed in this renort will 
be a four-stare missile. Its first (lareest) stage will have a gross 
weteht V5 of 233,469 lbs., its psyload (Wa) will be L1,&29. We select 


this stage as one example. The two weiahts mentioned will te kept 
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constant, but the load factor will be ee Pro: ie desion value 6.5. 
The aeier given in Chapter 7 shows that the weight of the 
structure Sy will vary with the load factor n according to the equation 

C11) Sy = 11,300 (Ba) a. + 7,780 x me ( 

140,000 
Ba 7/6 3.0 n 
war, 100( shezzs) - + F656 (233,669) o> 

: The terms on the right hand side represent in order the weight 
of tanks, pover vlent, controls and various miscellaneous weights. 
The design values of these weights are 14,200 lbs., 7,780 lbs, 11,400 lbs 
and 2.0% of W, respectively. 55.2 and 6.5 are the design values of 
t, and n. If we select a value of I of 210° sec and put Wy and ¥, 
equal to their design values, then every term on the right hand side is 
a function of n only. The other veriables may be sintwated: with the 
aid of the equations Wy = = cy tF +h, and tp = SCs ‘ The result of 
this rather cumbersome numerical calculation is re eh in Figure 3. 
Once Fy, Sy and t,, are known es functions of n, the final velocity V,, 
may te computed from (2) (with c = 32.2 x 2140 = 7,750 fos). The result 
has been plotted as curve 1 in Figure 4 (the other graphs in Figure 4 
will be discussed shortly). The optimal value of n is seen to be 5s 
Ve does not fell more than one percent below its maximum if n is kept 


betreen 6.5 and #.75. 


+t 
This represents an average value during first stage. 
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Drag - For a rapid estinate of the effect of drag on performance, 
the method of successive approximations is recommended. The equation 


for a vertical trajectory is (D denotes drag): 


12) MWse-c dm-, _BD 
(12) oF 7 ae 


A zero order solution is obtained by putting D «0, Then (12) 
reduces to (1) and by integration one obtains the vacuum trajectory, 
4.e., velocity and altitude as functions of time. Using these functions, 
2 may be expressed as a function of time. The right hand side then 


depends on time only, and by integrating one obtains the first order 


solution for V as a function of time. The method has been elaborated 


in JPL-GALCIT Report No. 4-1], "Vertical Flight Performance of Rocket 


Missiles" by ¥. Z. Chien. It has been applied to the emmple discussed» 
above (first stage) and the result is plotted as curve 2 in Figure 4. 
It can be seen that drag moves the maximum from n#7.5 to n#7.0. 

Total Energy - ‘So far, we have measured performance in terns of 
the final velocity Vp. However, it would seem that one really should 
consider the total energy gained which consists of icnstio & potential 
energy. This total energy may conveniently be represented by an 
"equivalent velocity" Vp, defined by Vp Vv," + 2eh where h is the 
altitude gained. The equivalent velocity has also been plotted with and 
without drag as curves 3 and 4 in Figure 4. The values of n for maximun x 


are 6,0 (vacuum) and 5.5, as compared with the values 7,5 and 7.0 for max: 


Vee 
If our vehicle actually were a single stage rocket Vy would clearly 


be the significant value. However, if it is one of the initial stages 


of a multi-stapo rockat, the situntion is more conplicated. The reason 
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is that a rocket motor is characterized by its thrust T which is 
: essentially inderendent of flying conditions, Its power on the 
other hand is T x V and hence directly proportional to the speed 


s of the vehicle,aud the total energy gained during one stage is sduah 


t 

| B 

to the «ork done = fas “[ F x Vdt (neglecting drag and gravity). 
Oo 


This shows the importance of the initial velocity, But the initial 


velocity of the second stage is the final velocity of the first stage, 
: Thus by trying to get as much total energy as possible during the 
: first Stage one might lose out on later stages. 
| Returning to our specific example wa conclude that the optimal 
i n lies somewhere between the value for Vy (7.0) and that for Vy(5.5}. 
@ Considering the flatness of the graphs, the design value n = 6.5 
| represents a reasonable compromise. | 
Throttling - On the basis of the above discussion of the 
influence of maximum acceleration on weight, it seens logical to 
investigate whether weight can be saved by throttling during the 
later portions of the burning period where the accelerations have 
increased considerably, However, a moment's reflection shows that 
this will not reduce the critical design condition on some of the 
structural components, otors and pumps will have to be designed 
for maximal thrust rather than maximal acceleration ard hence nothing 
is saved ir the weight of the power plant. The load on the tanks 
of the first Stace is greatest durin, the first part of the burning 
@ period when tne tanks are full. Consequently, the weisht of these 
tanks will be unsffected b throttling, 
etteee. goa gt ae 
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Calculacious have shown that if the maximum acceleration is 

‘ reduced from 6.5g to 4g by throttling, the gain in structural 

: weight is sufficiently ween cee than the loss in efficiency of the 
rocket, that a gain of about 3% on velocity is obtained. However, 
; , it is felt that this gain is not sufficient to warrant the 


additional complication in the present study. 


RS NS ar ln nS; SE 


F 

i. set 5 
: : eee Tr ee ee % : 
; 4 4 ay PM ie ye ne 


* 
«oo: owe 
as “ i ¢ a “A Ley 
Te ae 
et RET hoa . a OV ae 


. 
iS AS Gee MY led ag * “* OL pede ets ~ peta ee ; . 
BAA EA EE Re NRT ARNG IRE MS, ATS a GE SE EEA RIMES SNR MOMENT IRIE AO PET MAR RE RUN BE RSIS TR IDET SS 


ay ae) Sane ar ie) | eae al ee oR Be ed at o . So2 
ba ee Cy a t Sine omt ; at uit wea Shas. we ~ 
DATE ecias. te 4 oe uy Bi 7A KD woh oD fds ip wr =P . . w PLANT 2. MODEL... 


. : 7 . fr om 
. oad - La ~~: Sibel baie it, (- r _ 
py a aims ak at Te os arcs hie eo eS ee an ore i ce 
. we Aree suite tau oe hae pol abd Ne sai BEES ten he Adenidive she - v \. : RE RT no a A fomeis “ 
Terese Sahat A ; . Se, uma. wkestate cen Sete 2 PO 


SEED Ne LARS, SORT ESE so LSP URINE ERASE LNT + RR AWA SERRE REESE NRA IETSKIES A EE ORE ATP ANE BRAN EET 











Multi-stegze Vehicle - In Chanter 5 the cancept of s multi- 
’ stace rocket was introiuces, A simplified analysis showed th 
| if the structural wet pat ratio is the sane for all stages the 
warformance is a maximum if the payload ani the weights of the 
various stoges form a gacmetric pregresscion: 
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: Tre final velocity; at the end of burning of the n’” stage 
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: is thus 
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This tusie formula was plotted in Chapter 5 for n » 1,253,455 
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Q in general are fairly flat i.e. deviations from the theoretical 


mexime will cause but smell loss in verformance. In order to bring 
out the trends clearly, the iupiste tactane vill be considered 
separately. Fhen concrete numerical computations are made a tw -stage 
rocicet will be considered. If values sre desired for rockets having 
a great number of stares, these results may be applied to the Stages 
in pairs. The following formulation of the oroblem apolies to all 
such two-stage rockets: The gross weight of the first stage (VW) 
and the pay load of the second stage (P) will be fixed. The weight. 
of the second stage (¥,) will be varied and the verfornance plotted 
arainst We (or some equivalent variable like —£). Cuantities like 

s 
Ny, Cy » wili also be considered fixed except when otherwise stated. 
They may or may not be the same for both stages, devending on what 
factor is being studied. 

Gravity. Inclination - If pravity is considered the ontimal 
orovortioning of the stages is still a geometrical progression as 
long as verformance is being gauged by the final velocity Vive 
(Ye thereby assume that the maximal loed factor n rather than the 
burning time t, is kept the same for both stages.) This result 
may be proved by standard methods of calculus or by a qualitative 
method to te discussed later in this chenter. A plot for en actual 
concrete case (Figure 6, curve 1) shows this maxinun to be rather 
flat. If the equivalent velocity V,, is considered instead, a small 
disolacenent of the maximum to the richt takes place as shown by 


cnrve 2. 


In the sane fisure the effect of inclination is shown by curves) 
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| i oe ey “ - Ch apt er 8. 
Lee) es nlc | 
: averare inclination with the horizontal of 60 , a rather insignificent 


displecenent of the maximum to the right takes place (curve 3). In 
order to bring out the trend more clearly, the exaggerated case of a hori 
zontal second stave was considered (curves 4 end 5). In this case, the 


Cisplacement to the rignt of the meximum of hoth V_ and Ver is consider- 





atle. 
Exheust Velocity - Tue to altitude effect on nower olents the 
: average exhaust velocity of the second stege is usually larger than 
that of the first stage (a 15" increase is a typical value). Multi= 
: stare rockets have also beet proposed where the second stage aioe 
fuel with considerably higher exhaust velocity than that of the first 
: stare. 
| For a two-stage rocket, the following Poms, Fox the optimal 
| proportioning was obteined by calculus: 
: e % 7 | 2 
13) ie * 2r (FAR, -q 
For values of r near one, this formula can be linearized to give 

Qa) “2-1-5 (ra) fat E\E | 
Pi, : 

Plots of values obtained from these eouations are given in 


S : 
Fisures 7A and 7B. For the tynical va AVES ot (£)- ~142 eared = 30 
P 
and the exhaust velocity of the second stare 157 larger than that of 
the first stare, the ontimal value of Vio is about 16% smaller than 


the geometric neen of P ana hy. 
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Chapter 8 


; 
Si 


Drag - An investigation of the effect of drag on the optinum 


proportioning of two stages was fade for the case in which the first 





stage had hisher dreg than the second (this is the normal case en- 
countered). Tae results showed that the influence of drag on optimal 
proportioning is comparatively insignificant, 

General Considerations about Optimal Proportioning, Influence 
of Structural weight kKatio oa The following qualitative method for 
determining the optimal proportioning might sometines prove useful. 
Details of the method are omitted. 

Consider a two-stage rocket as before. Express the performance 


for each stage as a function of the payload weight ratio. Denote 


di 


™ 


tuese functions by £, (x) and £5(x). Put =- =a = constant and the 
t 4 
payload weight ratio of the first stage = ur = 


ee 
%) 


>4 


then the payload 


payload weight ratio of the second stage is = = The total 
be e 
| 2 
Velocity increase expressed as a function of the payload weight ratio 


of the first stage is then V(x) = f,(x) + f, (=) 


ER 2 af Si : Zz fa fa 
Consider the difference d = vf } V(x) = (t. eP fT) (3})- 


(f(x) ~ (x) . if d is zero, the sraph of V against x has a certain 


ul 


+ a 
type of symmetry around the value where == x, i.e. x=Va. It is 
then geometrically evident that this point of symmetry rerresents a 
maxinum, The difference d is zero when fr. aad r. are equal or differ 


by &@ constant. This is true for the idealized cause when £, (x) = 





S 
f..(x) = =-C Jn (xt qe It remains true vhen sravity is considered. 
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( Now take the case of different exhaust velocities, Then the 

; S S 

: = as = iu a = | 

; difference d is (c c,) fan(x+ ra in(z 7 =) This is negative 
% 

: for x<=. From the veoretry of the eraph it then follows that the 


maxinun has been displaced from x =Ya towards smaller x. 
So far we tive only verified previous findings, To obteaina 


new result, consider the case of variable structure weight ratio, 


ae Sy So 
W ¥ 
> = ee oe 3) 
Then @ = aad x ce 7 
@in -———~——— -cln 
ey = 75 + .X 
R5 x — 
ae 


This ig also negative for xC= and asain we conclude tnat the maximus. 


has been displaced towards the left,i.e., the second stage is smaller 
than the geometric mean when its structural weight ratio is less than 


that of the first stage. 


Influence of the Various Stases on Each Other - Above we have 





sometines applied the results obtained for qa single stage vehicle to 


each separate phase of a multi-stage vehicle. However, the discussion 


f whetrer or 
oO hetre Vi Ve 


is the significant performance parameter for the 


first stage of a multi-stage vehicle (see p. @9) shoved that a 
certain amount of care is necessary. 

Anotnser @xanple of how the various stuzes influence each other is 
this: For each seyarate stuge one cin find the optimal load 


factor by the methods described at the befinning of this chapter. 


However, each stage cannot be designed for its own optimal load 


factor, The reason tg simply that any stage is subjected to the 
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load factor is lower for later Stages. 
Application of Generali Zwethods to Actual Design.- So far we have 
: developed a seneral analysis of performance parameters. we now proceed 
3 to apply our results to actual desisns of two vehicles. Our starting 
| point will of course be the specifications of the orbital vehicle. Two 
= Reeuties are revelant for our considerations: (1) orbital velocity; 
(2) weight of pay load. 
Strictly the altitude of the orbit should likewise be given. 
However, it was found in Chapter 3 that the altitude had little effect 
on the energies required for various orbits. This is fortunate, because 
it implies tiat the shape of the trajectory will exert only a secondary 
influence on our choice of design enoseneione. A value 24,500 ft/sec 
was selected as the orbital velocity to be used in our present 
: consideration. The pay load, selected on the basis of a reasonable 
allowance for scientific instruments, was taken as 5J0 1bs. However, 
for the purzroses of the analysis in this cnapter, we also have to count 
: the 200 lbs. of "brains" as pay load. The reason is that this is 
a fixed weieht item which occurs only in the last stage and which is 
not included in a normal estimate of the structure-weight ratio = : 
; Thus, for the resainder of this chapter, the weight of the pay load 
will ce considered to be 700 lbs, 
Next we need a value of the parameter c (exhaust valeciey) which 
Becifies the performance of the power plant, in other words wa have to 
select the isi. Two different venicles will be considered, one powered 
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by oxygen-aicohol, the other by oxygen-hydrogen. 

Alcohol-Oxygen Vehicle - If liquid oxygen ana alcohol arse 
used as propellants, the value c = &,500 fps. is a reasonable 
average value for our initisl work. In selecting this value 
consideration was given to tue fact that most of the operation of 
the rocket wiil be at altitude. Using this eaiae-<e c, we find 
that Ms is 2.58, In the preliminary work we shall use a value of 

c 4 
= = -l6 which is an avera.e Value obtained from the results of 
Chapter 7. For our present purpoSe it would be extremely 
convenient to have a correction factor to take care of these items. 
A good vaiue of sucn a factor can only be Dased on long experience 
in designing, building and testing orbital vehicles. Since suis 
experience is lacking, we use the following estimate. Tne V-2 
was designed for a load fuctor of 6.5. A previous estimate in 
this charter showed that with tnis load factor the losses due to 
gravity in a vertical trajectory amount to 25%. Inclination of 
the lest portion reduces this to about 20%. Furthermore, 
preliminary calculations showed that drag; will reduce the final 
velocity by 10%. Thus we arrive at a correcticn Pactor of 1.30. 
This increases the value of — required from 2.846 to 3.74. «A look 
at Paine < of Chapter 5 tells us tnut a Sinsle-stage rocket 
and a two-suige rocket are impossible. .. three-stage roccxet would 
eve to have a weight ratio ie of 450 and a four-stave anda 
five-stage rocact would have avout equal weight ratios of 330. 


Thus a thres-stugs vehicle would necessitate a gvross weivht of 
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Chapter 83 





450 x 700 = 315,000 lbs, and a four-stage vehicle 330 x 700 = 
230,000 lbs, This weight Saving sees to warrant the additional 
complications of having four Eker instead of three, whereas 
nothing is gained by adding a bist: Stage. The weight of the other 
Stages will form a geometricai progression, The ratio of the weights 
between two consecutive Stages is sup Z4.ci. At this stage 
in the analysis, the detailed weight stucacy of Chapter 7 was 
underteken, Hand in hand witn this structural weight study, an 
analysis of the optimum design proportions was mude, usin; the 
methods previouSiay expisined in this chayter. This combined study 
resulted iu the set of values presented in Chapter 7. 

the next step in our design study will be to determine more 
rigorously the actual trajectory of the vehicie, taking into account 
the varietion ofr drag, exuaust velocity and inclination. This 
more detailed computation wiil be done in the next chapter. The 
results obtained tnere will give us an indication of now accurate 
the preiiminary analysis of this chapter has been, 

It iS ciear that it is impossible to maintain a strict logical 
Orugr in determining the proporticus of the vesicle. actually 
one has to re;eat the process descrited here Several times, just 
as when BO0iving a probles by Successive approximations, As a 


"Pirst approximation" for Ww, we found the value 230,000 lbs. above, 


L 


In the course of the revisions indicated above, this value was 


Changed to 233,009. hence, we may conclude that the ractor 1.30 
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1 V * 
used above for correcting — was a reasonably good estimate, The 


S 

rm P ‘ : ‘ : 

values for = finsily established were shee; 1S, 2257 Gnd «156 
' 


for stages 1, 2, 3 and 4 respectively, which are likewis? in 


- Vien the anslysis was first mads for the 





‘ quio. hydroren-liquic Oxy Ber: rocket, the structural weight ratio 


mas estimated to be 0.20. In sddition, it was errcneously assumed 
é that higher accelerations would be used than were used for the 

: alcohol oxygen rocket with e consequent reduction in the correction 
; 


factor to 1.2. Under these conditions, it appeared that a three 





stage hydrogen-oxygen rocket would give slightly sialler overall 
eross waishts tnan a two-stage rock neve however, the gain Was 80 
small that it was decided to avoid the ecmplications of the three~ 
stage rccket and proceed with the design of a two-stage rocket. 
As the work on structural veisht analysis pregresseu, it 
Lecame apparent that the acceleration would have to be reduced to 


a 
- 


\ 3 Sa a . ” cd 4 ~~ * ‘, " 7A Sy ~ eer . 
; the value used for the alcohcle-oxyyen rocket, aking allowance 


. area nt s+ 9 a” Panel A “ oe cS + re na he 47 “‘'t nar, 
ua revises correstion fuctor of 1.32 was 


obtained, In secdition, it was found that the estructural weight 
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Yate would incresse to about 0.25. When these later figures 
were used, they Showed that it was advantageous to use three 
stages instead of two. However, the design study for this vehicle 
bagennousedee so far that it wes inadvisable to alter the number 
of stages. 

if we use an exhaust velocity of 13,500 ft/sec and a correction 
factor of 1.32 we find = Zeke FOV = = 0.25 figure 5D slows 


f 


: . that a value of “1 of 400 is necessary for a two-stage rocket. 
J This sien an @ gross weight of 260,000 lbs. 

The final desi¢n values resulting esi the combined structural 
weight and verformance study are éavuiated in Chapter 7. The 
overall gross weight was 291,504 lbs. The values of = were 2238 
and .245 for the lst end 2nd stages respectively. 

It is worthwhile at this point to say a few words about the 
possibilities of a three-stage hydrogen-oxysen rocket. As mentioned 


above, the study had proceeded too far for alteration when the 


design values had crystallized sufficiently to show the definite 





advantages of using three Stages, Let us examine this case at 
greater length. Using Ls 2.4 and = = 0.25, we find from figure 5D 
that Ws 126 for three stages. This implies that the overall gross 
we of this vehicle would be &4,COO lbs. which is considerably 
less than the weight of either the two-stege hydrogen-oxygen rocket 
or the four-atsxze alcohol-oxygen rocket, From this we may conciude 


that the three stuge licguid hydrogen-lignuid oxygen should be given 


serious consideration in any furtser stu:llies of satellite vehicles, 
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“PINAL ESTABLISHMENT OF SIZES AND TRAJECTORIES 
In the prooeding chapter, we have discussed the choice of burning 





tine for a. single atagewo cket and the optinum proportion: ng of weights 







Btoosesive stages for multi-stage rookota. In order | to proceed 





‘our analysis, at 13 necessary to have an 1 Antegrated pioture of 


. ar cation, of altitude,, . speed, Anelination: an Bae. at all pointe along 








“the 1 teastotory. ; In order to obtain these datas we shad use the dest gn 
values: obted ned in the. fast chapter and, carry Gut dated lod calculations 


of ‘the entire + trajpotory. Tho rovults ‘9° "these eatoutetions will ‘show 
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ae 


as Pas . ‘Taenlly, this prooess of, Atoration | anoula be continued until™ 





tf ‘fs wtsey set of final dostgn ante are ob mined Por the: present 









ys oie, our ‘abtontiion was confined to. a » Anant cation of the 


“for - the § ia . ‘ 


Vehiole. Sioa by sineia-dnveen’ 7 aaa 


- Groen Wee fb. ) 238,608 ile aes 2,868 
wage f ious fuel (a8) 93,669 | zijeeo 4,729 a oan 
Payload: (ibe.) 83,609 = 1820 2868 800 


7 Max. Diameter (tn. ne eee en ee (CE 
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| We shall simply indicate the methods used and present the final results 
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Stare ar "ak | ra 
Gross ute | #&91,564 15,364 

- VWeights Empty — $4, 564 4,404 
Payload (lbs. ) | 15,4364 | #0005 <1 


Max. Dianeter (in.) 245 167 


In a5 of the vehicles, the rate of fuel consumption was: naintained 


constant atu mae calculated to wive a maz riun ratio. of cheat to woid 


of 6.5. The drags were caleulut sed Boor as +o the nethods giver. in 


Appendix B. The variations of exhuust wie with ultitude were “taker, 


o_o 


from the graphs in Chanter 6. 
In order to avoid a nass of distracting details, none of the lengti 


and involved trajectory calculations will be presented in this sta ae. 


thet were obtained within the time available, which wus, to sav the leat 


insufficient to answer all the questions that will inevitably arise. 
The mathematical developments necessary for this work, &s well as 
samples of tne calculation eased sued, site presented ei appendices € 
and D at the end of this report. 
Lo the early SURfOS of the work, we set for ourselves the goal of 
establishing a 500 lb. payload on an orbit approxinutely 100 niles ubovl 


the surfuace-of the earth, hoping it could renain tnere for # period of | 


‘Se 36 = ey ae Rcc> aps ba _. # 
2 to 10 days before its enerjy wes dissipated in the rurefied utnuosphe 


The 500 ib. figure was ohosen us a reusonuble estirnite of the weight of 
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| sotentific ‘apparatus. necessary to obtain results suffi otently far reach- 


—: to make the under taleing worthwhile. 
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it reasonably well follows the desired trajectory and is ests 

blished within permissible linits of error on the chosen orbit 
The present chapter concerns itself with the first topic. The second will 
be the subject of the following chapter. 

In our present work, we shall find that it will be necessary to apply 
forees of control normal to the flight path to obtuin ‘desirable tra jectone 
These foroes cannot be applied without incurring losses. ‘Genseuuently it 
will be necessary to anticipate the methods of control proposed in the 
following chapter in order that the losses inourred by this control may 
properly be included in the calculations. This wethod of control consists 
of movable vanes in the rocket jet stream by means of which the entire ve- 
hicle is rotated so that a component of the thrust is applied in any 
direotion normal to the flight path. If T is the rocket thrust und ais 
the angle between flight path and rocket jet axis (for brevity, Qwill be 
referred to us the "tilt") then the control force produced is T gin a and 
the effective thrust along the Plight path is reduced by T(1-cosa). If 
@ can be kept less than 15°, the reduction in effective thrust is less 
than awh, When the desired orbital altitude was 100 miles, it waa found 
that the tilt could be kept within this Limit. However, to achieve an 
altitude of 30@ miles, tilts of greater thun 15° evs required and a re~- 
vised scheme was found to be necessary as will be seen presently. 

In considering posaible trajectories, we see that air resistance, 
startin from its dinitéeal vulue of zero, will first rise rapidly as the 
speed increase, then less rapidly aa altitudes of reduced density are 


reached. We shall see luter that, for the velicles we huve considerac, 





the drag reaohes a maximum at altitudes of about 10,000 ft. to 20,000 ft. 
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Beyond this the decrease in density reduces the drag faster than the 
corresponding increase in speed. By the t21mo 150,000 It. has been reache- 
ed the drag has become a factor of minor importance. It is apparent that 
the initial portion o.' the trajectory should be nearly vertical so us to. 
reduce as much as possible the portion of the flight path affected by drag. 
Firet let us consider the following trajectory. The vehicle is launch 
ed nearly vertioall;. As it socelerates upward, gravity will ourve the 
trajectory toward Ane horizontal in the yoetion of the initial inelisias 
tion. If this initial oondition of launching is correctly selected, it 
is seen that the trajectory will be sufficiently curved without the applica 


tion of control forces so that the 


vehiole is on a circular orbit at 






the end of powered flight as shown “3 | eee 
, — . | 
by trajectory A in the acconpany- sr fee ie aan 
_2 7 TR tins 3 
ing figure. It is clear that only Je: Toe 
. TT POWERED FIG At? 
one such initial condition of oy 
launching exists for u given pro- 
; o Ja 4 os Pe 
gram of acceleration. If the Tie EARTH ae 


initial launching is teo nearly 
vertical, the™trajectory will 


end up at a higher altitude, inclined out into space as indicated by B. 


f 


If insufficiently near vertical, 2¢ will ond up at wu lower altitude, in- 


clined toward the earth as indicated by C. We are forced to conclude that 
if our vehicle characteristics ure already chosen (i.e. weights, thrusts, 
etc.) there is only one altitude for the orbit into which it can be launoh- 


ed by this pethod, Initial calculations showed that for the vehicles 


“Mathematically, vhe initial point of launching is « conplicated singulerit 
Mechenigally, thas means that a short set o® ais di rip rails will haveeto bee 
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considered in this report, this altitude was about 35 miles, considerably 
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short of our two successive goals of 100 miles and 400 miles. 

We are ue..t-faced witn the question of how we should apply control 
forces so that the trajectory* will end up on @ olroular orbit of greater 
altitude. Of the three trajectories shown in the figure above, 38 offers 
the most obvious possibllities. If downward forces are applied during 
the late portions of B, it is conceivable thac this trujectory can be 
curved sufficiently to end tangent to a circular orbit. <A rigorous 
examination ol the equations of notion shows diet this is the beat way of 
obtaining the desired increase in ultitude. One might be inclined to 
guestion this result on the ground that an upplication of downward control 
forces is inefficient when attenpting to gain nore altitude. Actually, 
the control forces have little direct effect on the altitude, which is 
gained primarily by the increased steepness of the earlier portions of 
the trajectory. The control forces serve etanily to insure a horizontal 
tanzent at the trajectory's end point. | 

By the use of tilt, it was found possible to determine satisfactory 
trajectories for orbits at altitudes of 100 miles witheut exceeding 15°, 
angle of tilt. However, when the desired altitude was increased to 300 
miles, the tilt angles becare so large that the losses in effective thrust 
were excessivers In seeking means of avoiding these losses it was found 


that the judicious insertion of an extemied period of coasting 5 
in the thrust program would accomplish the desired result. A little study 


showed that this coasting could be most effectively used if it came lute 


*For convenience, we shall refer to thut portion of the path traversed 
before the end of powered flight simply as the trajectory. After powered 


flight, the path will be called the orbit. 
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in the thrust program. In order to avoid the necessity ol’ shutt ng down a 
rooket motor and firing 1% up again, the coasting period was always in- 
serted in the interval ketween the discarding, of the next to the last 
stage and the firing of the last stage. Unfortunutely, insufficient time 
wags available to pursue this study as far as was dosirable; however the 
tentative conclusions indicate that optimum conditions for ooasting corres- 
pond to a long, slightly inclined coasting trajectory during which altitude 
18 ~ained screriaenly slowly, followed by a Pinal atago of rocket power 
during, which very little tilt is used. 

The austere governing, the motion of the vehicle during {ts acoelera- 
tion along the trajectory are derived in Appendix C. They are 


adv _ 2h 2 D 
a g (1 Ro) sin © + 008% =» 
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96 V1 ~ 8) cos 9 + 2h~ g ~ T sin a. 
dt R* R Ty 
where Vis the velocity along the 
flight path, 
T is the rocket tirust, Tanctv ? 7 eee a SA 
| - ff 
Dis the drag, | Ds 
< Oarg Oe Uwe 6 
mis the mass of the vehicle, =~ eerie FT i 
ae / 
h is the altitude above the - 3 
earth, *” 
Ris the radius of the earth, 
JU is the angular velosity of | 
th th oe 
6 earth, rae “ 
t is the time, 
g ie the acceleration of gravity, mo CEnréER OF ERRTH 


@ and (ure angles explainedin the figure 
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It is impossible to obtain explicit analytic solutions of these equations 

for the cases we are considering. Instead we resorted to a step by step 

method of solution ‘iH: whan the jntervads were chosen with sufficient 

care to insure that an acouracy of better than 1% was maintained in the 

final values. A detailed set of sample calculations is give in Appendix D. 
When the desired altitude was 100 miles, the calculations were 

carried out in the following manner: 


Four Stage Aloohol-Oxyen Rocket-No Coasting ~ The calculations were mude 


for each of three ratios of fuel weight to gross wei ght so that by inter- 
polation, the amount.of Puel neseuausy to attain the correct final 

velocity could be predicted. The trajectory for the firat half(in time) of 
the first stage is taken as a vertioal path. At this point a constant 
angle of tilt is applied and this is carried through to the end of the 
second stare. This caloulation was carried out for each of three fixed 
angles of tilt, so that the results could be interpolated for any inter- 

| mediate tilt. In the meantime, an independent set of calculations had 

been proceeding in which the equations wero worked backwards, beginning 

at the end of the last tare, wi th tha vehicle on the orbit, and computing 
the reverse history along the trajeotory back te the beginning of the 

third stage, where these calculations were connected up with those pro-~ 
ceeding the other way. These reverse calculations were also carried out 
for three fixed angles of tilt. When all these calculations were complete, 
cross plots of trajectory inolination und altitude at the junction point 
were made. From these plots, values of tilts for both sets of caloulations 


could be selected so that the junoture was continuous for both altitude 


and inclination. It will be remembered that each of these seta of caloula- 
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tions had been made for a series of fuel weight ratios. The final results 
were cross plotted so that the velocity at the juncture was also continuous 
In Figures 1 and 2 are shorn the flight characteristics and trajectory 
for our proposed design of an alcohol-oxygen rocket, It will be noticed, 
that for ee particular weight ratios used in this design, the final aiti- 
tude was 165 miles. For this altitude, the tilt required during the last 
two burning periods was 35°, which was so large that sienificant losses 
in effective thrust occured, 
Two Stage EFydrogen-Oxygen Rocket - No Coasting - The method used for the 
| hydrogen-oxygen rocket was substantially the same as that described above. 
However, when it became apparent fron the alcohol-oxygen rocket results 
that it would be impossible to reach altitudes of 300 miles without the. 
e use of excessive tilt, further effort along these lines was discontinued. 
, Instead, attention was concentrated on the use of coasting as a more 
efficient means of obtaining altitude. The calculations were revised as 
follows: 
occurring at the end of the second stare, it was now placed at the be- 
ginning of the fourth stage. A constant angle of tilt was maintained 
from the middle of the first stage to the end of the third stage. This 
was follewed by a variable amount of coasting. A set of calculations, 
rorking backward from the end of the last stage, was made with several 


fixed values of tilt. A sufficient number of values of all parameters 
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was used so that a continuous ‘ancture could be made at the beginning of 
the fourth stage. Since a japsupie enous of coasting has been added to 
the other variations possible, the choice of values to affect a smooth 
juncture is not unique. Although time vas not available for an exhaustive 


investigation, it is believed that the optimum trajectory is that discussed 


a few paragraphs above. The results ol these calculations for our proposed 


. 


4 


aleohol-oxygen rosoket are shown in figures 3 and 4. It will be seen that 
the introduction of coasting has increased the altitude to approximately 
480 miles. The greatest angle of tilt poauine ewae only 13.5. 

Two Stage Hydrogen-Oxygen Rocket.- For this ouse, the coasting was insert- 
ed between the two stages. In other details, it was the same as the 
alcohol-oxygen rocket. The results are shown in figures 5 and 6. It will 
be seen that for the particular weight ratios chosen, the fuel was in- 
sufficient to give an altitude greater than 150 miles even with the 
greater efficiency obtainable from cousting. To achieve an altitude of 
400 miles, it would have been necessary to approximately double the 

weight of the vehiosle. The reason for this is nos that the altitude 

has a large effect on performanog but that, with two stages, the hydroren- 
oxygen rocket js so far from being an optimum design that the gross 
weight is highly sensitive to chanjes in performance requirements. A 
three stage vehicle would have shown sibateneiaiiy superior performance 


and weight figures. 
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: ; se : 
: | Up to thia point, cur analysis nas considered the cesign of a 
‘ vehicls and the selection of its trajectory without revard to tha means 
7 of guidance to insure that the vehicle follows the prescribed trajectory. 
A 
; In the following pararraphs attention will be davoted to this guidance 
F problem, 
: 
p In the latter three quarters of the trajoctory, the density of the 
i air is so low that in snite of the very great speeds, tha dynaric pressures 
: are incapable of adequately guiding the vehicle. Consequently, ve are 
§ led to the conclusion that we must use reaction motors te obtain forcas 
§ 7 for guidance, 
; Two means of obtaining such forces are at once 
apparent. In the first, the vehicle is rotated (e.2. 9 
; by means of vanes in the main rocket stream) so that re: 
i 
: a component of the main rocket thrust is applied : 
: e 
: in the desired direction, in the second, a small : 
3 auxiliary rocket oriented norral to the axis of ' 
F the vehicls is used to obtained the desired guid q 
ance foress (several such rockets would have to he . 
4 

provided for control in all directions). i 
; if ¢ 1s tne exhaust velocity available from reckeats, T the thrust» 
7 *, 
: along the trajectory and L the guidance foree normal to the trajectory, : 
‘ 
: then In the first case ; 
i ae * 
Te Go CLS&, : 
: dt 4 
‘ j 
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where is the rocxet fuel consumption required to produce tho thrust 
For the second case, when a small auxilisry rocket is used, 
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and 


ar. ian an ; 
where —-1l, ---2 ond —=- are the consunptions of the nain roczet, the 
dt? at dt 
auxiliary rocket and the total. 
In the edicinin: fieura, the ratio of 
the consunptions with and without cuicance 
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gross weight, 
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VY = flisght velocity, 


ec = exhaust velocity, 
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specified limits. it is then necGzssary to mnow the reletiovsnips oxiste 
ine between the various orbital parameters. These naraneters nre as follows: 
oe =e the correct velocity for a circular orbit atthe 

starting altitudes, 

LV = tie velocity increment above V5 

B = tho allowable variation from horizontal (neasured po S~ 
itively downward in radians) of the path at the starte 
inz altitude, 

R e the starting redius from the center of the earth, 

Ak = the siiowsns drop in altituce fron the sterting point, 

AL = the maxinun minus the aininun distance of the orbit 
from the carth's surface. 
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also necessary to apoly a restorirs moment pronortional to the Interral 
of flight direction cver a periog of time. This corresponds actually to 


an altitude control. Use of interrsal terms in control nreblems has been 





BS DERE NEEL, SBE NS RE ee 


discussed by Weiss* and such a control is vsed on constant spec? propellers. 
From stebility con nsicerations it can he shown that the restoring 

moment depending cu eitch for damping moment depending on flight direc- 

tion, whichever is used) should be large. Uowever, further dngeetieas. 

tion is required to determine desirable magnitudes for the other terms. 
Velocity controi can probably be obtained by using an integrating 

accelerometer which aneeuteee fuel cuteoff valve. Such an accelercmeter 

was used on the V-2 with scecuracy of 1/2 % over a 60 second period, and 


it is believed that this accuracy can be improved. At present radar 


2 or Doppler effect do not apvear to 


technicues involving radar rangi: 
offer adequate accuracy. 
In the early stages of the starting trajectory it should be suf- 


ficient to control pitch as a predeterrined function of time. For 


stability, restcrinp and dumping moments can be applied as functions of 


the difference between actval and desired oitch angles (determined 


with the aid of & pre-set gyro). In orjver to approach the desired trim 
condition a moment should also be applied as a function of the intezral 
of deviation in pitch angle over 4 rericn of time, and i+. msy also be 

hecessary to avply a predetermined moment as e@ function of time to com- 


pensate for the calculated curvature of the trajectory. 
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The areas of the control surfaces in the jet have been briefly 
studied, The control moionts required desend uson the angular accelera- 
tions required and upon the fixed disturbing moment, such as that due to 
a displaced thrust line, The control surface areas shown on the drawings 
are quite arbitrary but serve to show, in conjunction with figure 2 that 
design of sufficiently powerful surfaces should not be difficult. This 
figure shows the variation of control surface area with displacement of 

the thrust line from the center of gravity in incnes for each of the 

four stages. Actually the maxisnum error is expected to result from a 
rotation of the thrust line about the tnroat of tne engine by about 0.5 deg. 
The resultant displacement is indicated in the figure as the maxinun 
probable displacement. nee show are the areas required to proauce a 
pitching or yawing acceleration of 10 dex. /sec™. It is seon that the 


areas shown in tne drawings 2re adequate to overcome the moment due to 
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the maxinum probable tnrust line displacement an 
a lO deg. /sec* acceleration if a 10 deg. control surface angle is used. 
Since these areas are far from excessive from am chanical standpoint, 
they could be increased if more tnorougn control studies showed the 
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desirability of obtaining nigner angular accelerations.’ 
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PROSLITS AFTER ORPIT [5 ESTAPLISHLD 

Once the vehicle has besn established in its orbit at the de- 
sired altitude various other preblems arise in connection with the. 
satisfactory operation of the vehicle. For example, the vehicle 
will be constantly exposed to the possibility of being hit by 
meteorites of all sizes and some of which will be traveiling at 
very high speed. Also, at such high altitudes the intense heating 
oF the vehicle By the sun ia a problem to be considered. “Radio con 
tact must be madnvaiged.. These and other problems connected with 
the satisfactory operation of the vehicle are discussed below, 

Meteorites. (The Probability of a Meteorite Hitting a Satellite 
Vehicle Traveling in the Upper Atmosphere. } It is well known that a 
great many meteorites enter the earth's atmosphere each day. If a 
body should be Feces in the upper atmosphere at altitudes where 
meteorites are observed with high frequency, the question arises as 
to what ae the chances that the body will be struck by a meteorite 
and if a strike does occur what are the probabilities that the 


meteorite will seriously damage or otherwise interfere with the motion 


of the body. | | : 
| x | 7 
-Meteorites are discrete masses of matter from outer space which 


enter the earth's atmosphere, Judging from those which are largs 

enoush to survive the journey through the air and reach the ground, 

and which are then called fallen meteorites, they are composed mainly 
* Leonard, F. C.: Meteorites: Imnisrants From Space, Pubdlica- 


tions of the Astronotical Society of the Pacific, 
Vol. 7 Hey ous! Ys is F3b, 1945, 
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of stony matter (similar to igneous rock) and metallic nickeliferous 


iron. Like fallen meteorites, the relative amounts of iron and stony 





matter in the meteorites may be exvected to vary greatly ranging from 


SOMES SPREE STE BSE PSST A ER a ©: is 


almost ell iron to almost all stone. However, it is quite likely 


that the stony meteorites are more prevalent than iron meteorites by 


PT Fa RNAS 


a factor of more than ten, although a stony meteorite itself may con- 
tain some 25 percent iron by mass. It. will be assumed that the 
meteorites consist mainly of stony matter. 

Meteorites vary greatly in size rangine from something smaller 
than a vin head or grain of sand up to the large meteoritic masses 
found on the earth which weigh 10 or 70 tons or more. (According 
to Leonard, Reference 1, meteorites may be of any magnitude whatever, 
from the size of the tiniest solid particle to that of a mass of 
olanetary dimensions, and are the smallest eiscrete astronomical 
bodies. The term meteor is properly used to denote the Luninous 
phenomenon which results from the motion of a meteorite through the | 
earth's atmosphere.} It is estimated that the weight of the average 
fallen meteorite is 220 vounds before entering the eee and that 
this is reduced to about 44 pounds by the time the earth's surface is 
reached. However, meteorites which are large enough to reach the 
earth's surfece occur with such low frequency, § or 6 a day for the 


whole earth, that they need not be considered here. 
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Typical values of velocity and altitudes as determined by observa- 
tions of certain orisht mateors x86 given in Table 1 which is taken 
from Horfreis ee . 

AS one might expect, it is seen from Table I that the higher the 
meteorite makes its appearame the greater is its velocity. Veloci- 
ties ranging from 80,000 to 250,900 ft. per sec. are quite common, 
According to ai most meteors appear at a height of about 500,000 
feet regardiess of their brightness and may be taken to have an average 
atmospheric velocity of about 150,000 feet per second. Thus, at an 
altitude of 500,000 feet, where the body is assumed to Baceteaated, 
most all of the meteorites will be intact and will not have suffered 
complete gestvation. At this altitude the body will therefore be 
exposed to practically all of the meteorites which enter the atmos- 
phere. 

The number, size and mass of meteorites entering the atmosphere 
each day is given in Table 2 which is based on a table given by Watson 
(ibid., p. 115). 

The visual naeateids of a meteor is expressed in terms of a scale 
in which numerically larzve masnitudes represent faint bodies. Two 
meteors which differ by five magnitudes have a hundred-fold difference 
in brightness and, since the brishtnass is directly proportional to 
(2) Hoffmeister, C.: Die Meteore., Problems Der Kosmischen Physik, 


Band XVII; p. 71, 1937. 


(3) Watson, F. G,: Between the Planets, The Blakiston Company, 
Philadelphia; p. 93, 1945. 
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‘the mass, they represent a hundred-fcld differance in mass, <A meteor 
just visible to tha naked oya has a magnitude of 5 while the full 
moon has a magnitude of -14. Also, it will be noticed from Table 2 
that when the magnitude differs by five units, the number of meteors 
changes by a factor of 100. In this way the table may be extended 

to ieands smaller and smaller meteorites (numerically larger magni - 
tudes), 

However, there is a limiting magnitude bsyond which there can be 
few, if any, metesniees:, anf according to watson, p. 116, this limit- 
ing size is a meteorite of magnitude 30, This is explained by the 
fact that for a particle smaller than this the solar radiation pressure 
is sufficient to repel any particle to such an extent that it could 
not remain in the solar system, 

In Table 2, figures are included for meteorites down to the 


smallest possible size, magnitude 50. ‘The sizes have besn computed 


on the basis that the meteorite is a sphere composed mainly of stony 
(4) 
matter which according to Whipple, has a specific gravity of 3.4, 


The variation of size witn magnitude is presented in Fig. l. 

It is seen that a great range in size and mass is represented in 
the table and the question immediately arises, especially for the very 
Small particles, as to what velocities are to be associated with the 
various sizes. If it is assumed that the meteorites move in parabolic 


orbits at the same distance from the sun as the earth, a mateorite 
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encountering the earth head-on will enter the outer atmosphere with a 
speed of 250,0C0 ft. per sec,., while one overtaking the earth will 
enter the atmosphere with a speed of only 45,300 ft, per sec. These 
speeds would be the samo for mateorites of all sizes since there has 
not yet been any deceleration essnteias from air resistance, However, 
once the meteorite has entered the etmosphere, deceleration must take 


place and this mist certainly be greater for a small moteorite than 


for a larger one, assuming that poth enter the atmosphere with the 





same speed. Whipple, loc, cit. p. 252 gives as a universally accepted 


expression for tho deceleration, 





. | | 
He ES pt, 2 oe ene eee ot 
where V # es F 
m= mass, . 
‘ 
p = density of the atmosphere, 
oe Doe, eee 
a ( = effective cross sectional area, 


X = non-dimensional form factor depending on the shape of the 


meteorite but independent of velocity. 
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For a Sphere, Y = 1/3 and if the density is 5,4, a.= 0,55. 


The rigorous investigation of the deceleration would involve a 





study of the variations of \°,&8, f» and especially m, as a function 
of time or distanc6, Since time is not available to carry on such a 


study at the present and since at this stage of the project, approxi- 
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mate values will be satisfactory, we therefore adopt the following 


approximate method. 
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Assume that © , a, and m are independent of the motion of the 
meteorite through the air and since values for density and its varia- 
| . : rg 
tion in the very high atmosphere are lacking, replace Pp by an average 


or effective value Pp. 


The differential equation may then by written 


a (v*) 28 an 
2 7s 5 dh 
and therefore 
~Yap Ah « k&h 
1/3 Mere 
Vee ¥, le) = (e) tee ee ee eee (2) 


In this expression V; is the velocity of the meteorite when it 
enters the atmosphere, and Vp its velocity after it has fallen a 
vertical distanced h through the air, As a maximum Condition it will 


~— 
. 


be assumed that the meteorite enters the atmosphere head-on so that 


its speed is given by Vy = 47.4 mi./sec. = 250,000 ft./sec. See p. 9 
of Leonard, oe cit. | 

From Table 1 it igs estimated that pright meteors (about magnitude 
2) have a velocity of about 200,000 ft./sec. at 100 miles altitude 
(528,000 ft.) so that Vp = 200,000 ft./sec, Although the height of 


the approximate upper limit of the atmosphere is not known, auroral 
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* At this stage of the analysis, the density values derived in Appendix 
Awsre not yet available. However, it is believed that a more exact 


treatnent of the density yariation with altitude would not appreciably y 
chanve the results derived here by the avproximats mathod. : 
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observations indicate the pressure of atmosphere at 1000 km. (622 
miles) and this figure will be used to represent the altitude of the 
effective limit of the atmosphere. Since we are interested in the 
meteorite velocity at 100 miles altitude, 

Ah = 522 miles = 840 km = 8.40 x 10? em. 


For a meteor of magnitude 2 it is found from Table 2 that mo = 040 





gram, and hence n, 2/5 = ,J43,. The constant k may now be evaluated 
giving k = 0.9 x 1079, 

It was found in Table 2 that a change of one magnitude corrssponded 
to a change in mass by a factor of 2.5. Thus if all masses are 


referred to that of a meteor of magnitude 2 one may write 


a 


* 








m | 2040 
eee cee + = +3) 
as) [2 
and Eq. (2) may then be written 
M-2 
~.22 xf2.5] 
| z, 
Vie = 2,5 x 10 fe] ft. per sec., - - - (4) 





at 100 miles altitude. This function is otted in Fig. 2 where it 
is seen that for magnitudes greater than 0, the velocity decreases 
rapidly. 

Sinee the vehicle may also operate at altitudes higher than 


100 m7les, say up to 400 miles, it decomes necessary to obtain an 
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estinate of Ve for this upper altitude Tinit also. At an altitude 
as high as 400 mliss it is not possible to obtain any estimate of 
the deceleration from Table 1. Furthormors, the effective density 
value p from 400 to 622 miles is certainly much different than that 
from 100 to 622 miles and therefore the value found above for the 
deceleration factor k would not apply to this much higher altitude. 
In fact at such a high altitude it is not entirely unlikely that 
the deceleration would be negligible. We thus have the two extremes 
within which the eases must lie, that of no change in velocity, 
and that with velocity given by fetus the value k = 0.9 x 107° 
found above for the 100 mile altitude, 

The velocity corresponding to this latter limit is given by 
the eguation | | 


-.094 x|2.5| ; 
> | 


Ve, e955 %10 le | | prc ct lo ee - (4a) 


corresponding to A h = 622 - 400 = 222 miles, 


These two extremes are shown in Fis, 2A where the solid curve 
which has been drawn in to represent a compromise between the two 
extremes will be used as an estimate of the velocities prevailing 
at 400 milos altitude. it is seen that at these extremely high alti- 


tudes, the emnallor meteorites maintain a fatriy high velocity. 
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Having the relation betwaen V,, and Bi siven by Figs, 2 and 2A 
it is now necessary to determine what is the smallest meteorite which 
will penetrate through (perforate) the skin of the satellite vehicle. 
There seems to be very little, if any, information available, sither 
theoretical or experimental, on the penetration of metal plate by 
very small but extremoly high speed particles. mg has apparently 
worked on this paboton 6 some extent but unfortunately his paper is 
not available, 

However, the indications are that in the case of normal impact 


of a small but very high speed particle on a metal plate in which 


the speed of the particle is large compared to the velocity of pro- 





pagation of plastic deformation in the plate, the particle penetra- 


tes as though the plate were perfectly deformable like a fluid. In 


Deas ert ak Mei = Fo tes 


this case the differential equation for the motion of the particle 


through the plate is 
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where 


; Le po 
m= mass of rarticle = Te Py (assumed spherical), 


d= diamster of particle, 
gs > distance of penetration into the plate, 
Pp, = density of the plate = <.6 “3~ for cural, 


Cri 


(5): Bethe, H. Aw: "Attempt at a Theory of Armor Fenestration”, 
Unnuinbered Report of the Frankfort Arsenal, 1941. 


a See Sis oF a 
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O,, = density of rarticle = 3.4 = for a HeCeOri ee. 4 
, | cm f 
CO, Se 0525 ¢ ¥ 
Pex ss 
(o) 
C, « drar coefficient = 2/3, see sxpstein. 


where Vu is the velocity of tha particle as it first strikes the 
plate and V is its velocity after it has penetrated a distance s. 
When the spsed of the particle has dropped to about 5 times the 
plastic deformation velocity V;, it will be assumed that this law 


of penetration is no longer to be used. In the ranse in which it is 


to be used the equation is then written 


dq, i 
SF 25 Of Sy 


Sa) Bie eee SUS ee ee Se 


when the speed of the particle is les. than 5 times the plastic 
deformation speed it will be assumed that the penetration takes 


place according to one of the armor penstration formulas. 


(6): Epstein, F. S.: Pree. Nat, Acad, Sci., Vol. 17, p. 332, 1931, 
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The well-known DeMarrs armor panetration fae Yor plain wrought 
{ron is 
z : 
a fe 

where 

+ = penetration in ft. 4 

d = diameter of particle in ft., 

w= welsht of particle in pounds, 

Vv = velocity of particle in ft./sec, 


In this equation, V is the velocity necessary to perforate a thickness 
t of wrought iron by a particle of weight wand diameter d,. 


(7a) 
The Watertown Arsenal uses the formula 


ve 


Se See ee ee) 
qc 


where 
t = thickness penetrated, 


m= mass cf projectile, 


ra] 
i" 


Thompson coefficient, 
d = diameter of projectile, 


¥= velocity of projectile. 
| (S) 
The work of Duwez and Clark on penetration of copper by high 


(7): The United States Naval Institute: Naval Crdnance, Annapolis, 
Mad. 19359, pop. JOl. : 

(7a): Sullivan, J.F.: An Empirical Approach To The Efficient Design 
of Arrior Por Airsraft. Watertown Arsenal Laboratory, vatertam, Mass. 
sxporimrontul, Ropoert No. UAL 710/500, TJan., lu44, p. YG. 
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speed small caliber bullets directly verifies the velocity squared 
relation for speeds of the order of 4000 ft./sec, Their results 


can be expressed by 
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Thus the cxcenina wat data give rise to penetration formulas pro- 
portional to yied or ae Sinee the results of Duwez and Clark are 
considered the best to use in the present study, a formula corres- 
ponding to (9), which refers to copper, will be used in the ballistic 
ranee. Since the ultimate strengths of dural and copper are of the 
sams order of magnitude and since the ballistic penetration is closely 
connected with this property of the meatal, it will be assumed that 
the results for copuer also apply to dural within the depres of 
approximation of the esuations, 

Eq. (9) was obtained from experiments with 0.22h inch diameter 


projectiles, If it is assumed that the energy loss per unit pene- 





tration -is proporticonel to the frontal area A of the projectile and 
also constant over tne ballistic ranze (as shown in-ref, (8)) it 


follavs that 
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b+! 
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where AKE = chunj;e in kinetic enerry, 


C = 93 constant 
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In the tests, tha projectile weicht was 69 grains and was brought to 


rest in about 2 inches of Copper. This sives 








eis 13-6 x 10 ft. 
and 
ee 
ome LN 
2 7 Cis « 
go 5.03 2107 Standbe 
ta 3 oar 
The corresponding penatration formula for a sphere would be 
a eae 
cree shu 6% r 
neem x 5 or 
4 t 
t SM 
a cram 8 lug R . 7 
Taking p,, = 3.4“ = 6.6 ae) and © = 5,03 x 10 
a cn” Ft: 


as determined from the firing tests on copper, the penetration formula 
for a sphere becomes 


-8 2 
% 2 4.4 x lo Vow cee eee cer ee ee = (9A) 


The velocity of plastic deformation in compression is known to 


(9) | 
be around 1000 ft. per sec. so that the limiting speed used in the 


fluid-flow equation (6) will be taken to be 5,000 ft, per sec, 


(9) NDRC Report Number H-302. 
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This corresponds to a plastic deformation Mach number of 5, Thus 

to compute the total penetration for a particle (mateorite) having 

a speed greater than 5000 ft. per sec., Eq. (6) is first used to 
compute the penetration s at which the speed is slewed down to 5,000 
ft. per sec, The remainder of the penetration t is then Beapatal from 
En, (9) using V = 5,000 ft. per sec, The total penetration is then 
given by the sums + t. Letting Tsat+t, the ccmputation can be simpll- 
fied by joining Eqs. (6) and (9) at Vy - 5,000 ft. per sec, and the 


total penetration T is then given by 


o 


( 4.4 x 107% Yi» for OS V,, $5,000 ft./sec. 
( -4 3 F 
( 
= = ( ----+---- (15) 
{ 
{ Ve, . 
— e 4 nO + Pag 
C Ao a De log, 5.000 ° Or a SOG 2 ef SECs 


The variation heen V,, 1s shown in Fig. 3. 


These equations are essentially empirical end neglect effect of 
Shape of projectile and influence of the physical properties of the 
metal on the critical velooities. Since the basis for the formulas 
lies in extrapolating rather meager ballistic data and theories to 
the small sizes of meteorites, considerable error may be expected, 
The present results may, however, serve to ,ive an indication of the 


order of masnitude of the impact effects. 
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Using ths results contained in Fiss. 1 and 2 which connect the 
diameter and velocity of a matcorite with the magnitude of its meteor, 
the penetration at an altitude of 100 miles can be expressed directly 
as a function of meteor magnitude This ig tabulated in Table 35 and 
presented sraphically in Fig. 4. 

Ina sini fashion, uSing Fig. 2A, the penetration at 400 milss 
altitude is obtained as a function of meteor magnitude, and this is 
presented in Table SA and Pig. 4A. | 

From Tables 5 and SA or Figs.4 and 4A, one may see immediately 
how thick the skin (assumed to be of dural) of the satellite vehicle 
must be to withstand perforation by meteorites of different sizes 
(magnitudes). Thus at 100 miles altitude, for a meteor of magnitude 
O, the skin, according ee the analysis, would have to be at least 
2,08 inches thick in order to resist perforation. For a skin thick-~ 
ness of .05 in. = .00416 ft. which represents the order of thickness 
of metal commcniy used in aircraft design, it is scen that the 
smallest meteorite which will perforate corresponds to about magni-~ 
tude 9 or 10, For velocities less than about 1000 ft. per gec, 
the particles Would probably not penetrate the niate at all, but 
Bimply bounce off. In view of the penetration results presented in 
Table 3 for the 100 mile altitude, it is seen that, as far as present~ 
ing perforation hazard is concerned, meteorites of corresponding 


magnitude ereater tnan le can cartainly be cconpletely disregarded. 
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Comparing the values in Tables 3 and 3A it is found that for 
magnitudes of 5 or less the increase in altitude from 100 to 400 miles 
does not appreciably effect the penetration. For the smaller sizes 
the difference in penetration at the two altitudes becomes more marked, 
elthough for maznitudes greater than 15, the penetration bec omes 
negligible. 

In case the skin is made of material of greater strength and 
hardness than dural, stainless stee] for example, the penetration 
would be expected to be Correspondingly less. In this connection, 
however, it is worth noting that according to the experiments reported 
in ref, 8, when the projectile size was mich smaller than the plate 
thickness, dural gave greater resistance to perforation than face 
hardened steel when the comparison is made on the basis of the weight 
per unit area of plate, | 

Aside from the problem of perforation by a meteorite, the ques- 
tion also arises as to what orice average impact force (averaged 
over a long interval of time) is to be expacted as a result of 
meteorite hits. For a slyen magnitude (size) M, if n is the average 
number of hits per hour, W the eae t in pounds, V the velocity in 


ft. per sec., the average imoact anes F is Simply 


—~ an WwW | 
Fe soo so va ibs. -- -- --- - mer ene eee wee agi’ Deer ene (104) 


Fron Table 2 it will be found that the preduct of n¥ is constant 


-12 
and equal to 1.73 x 10 . Thus the average force of impact is given 
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which shows that even with the highest velocities considered here, 
this average force would be far too srall to in any way affect the 
performance of the vehicle, 

freak arrived at figures for the penetration by the meteorites 
of different siees, it now remeins to find the probabilities that 
the vehicle will be stru¢ck by these particles. The follcewing nota- 
tion will be used, 

Ns number of meteorites (either total or of specified size) 


entering the earths etmosphere in each 24 hour period. 


Ag= number of square feet of atmosrheric surface at a height 


of 500,000 fest. The number which will be used here is 
© : A. 24x (21.39)® x 101® = 57.4 x 10"* so, ft, Radius of 


earth = 20.59 x 10° EG% 


A,= planform area of the satellite vehicle, sa. ft. The number 
which will be used is for a triangular planform 60 ft. x 32 


ft. which gives the value, Ay = 960 89. ft. 


: Py, ~ probability that at least one hit will occur in the time T. 
Ps = probability that no hit will occur in the time T, (po=i-p,)- 


Pp, = probability thet exactly one hit will occur in the time T, 


— T(0.5) = time interval such that the vehicle has 4 50 to 50 chance of 
5 not bein hit. 


T(C.99) = timo interval such that the vehicle hes a 100 to 1 change of 
not being hit, 


s { > eX: : : . 
; TC.S007S time interval such that the vehicle has a 1000 to 1 chance of 
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| PROMABILITIES OF HIT OF A METEORITE AND A SATRLLIGH® VEHICLE —_ 
| PROBABILITISS AND TIME INTERVALS BASED ON NUMBES OF METEORITES OF ONE SIZE ONLY es 
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Definition of symbols: Py» =. Probability of at least 1 hit 
Po = Probability of no hit — | : 


Pp} sx Probability of only one hit 


T(0.5) == Time interval to give sa 50 te 50 chance of no hit 
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T(0.999) =Time interval to give a 1000 to 1 chance of no hit 
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TABLE 5 
PHOKASILITIES OF HIT OF A METBOBITE AND A SATSLLITs VEHICLE 7 i. 
PROBABILITigS AND TIMs INTRAVALS BASHD ON NUMJEK OF METEORITES OF A GIVEN SIZE PLUS ALi THOS: 
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These probabilities and time intervals are presented in Tebles 
4 und 5, The formulas by which they are computed are derived in 
Appendix G. 
The meteorites entering the atmosphere are assumed to have a 
random distribution both as revards their surface Ateeeiation over 
the atmospheric layer surrounding the earth and as regards their 
occurrence with time, It is assumed that the meteorites travel through 
the atmosphsre along the vertical and that the planform area of the 
vehicle is normal to the vertical. 

The two tables are entirely similar, the only difference being 
@ that the values used for N in Table 4 are based on the total number 
of meteorites of one size sniy: whereas, the values for N used in 
Table 5 include the total number of meteorites of a given size plus 
all those of larger size. At the lower magnitudes these two numbers 
do not differ appreciably, cut at the higher magnitudes, 9 or 10 and 
higher, the difference is ieee enough to be considered, See Table 
1, Appendix G, For this reason the values in Table 5 are considered 
to be the more significant and this table will receive the main 
consideration. 

Considering Table 5, it is seen, first of all, that the arerage 
time intervel between hits does not attain values comparable to the 
contemplated time of operetion of the vehicle (say from 5 to 10 days) 
until tho meteorite size becomes as small as that corresponding to 


© : moannitude 14 or 15, Thus, tt is seen from the colurn for M7 15, 


that on the average, tho vehiele could crarate for 192 hours bvofore 
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it would be hit by a mteorite of size corresponding to magnitude 15 


or any larger size. For magnitudes greater than 15 the average time 
between hits becomes relatively small but by this time the meteorites 


are of wish small size and velocity that it does not matter. The 


probability numbers, show the same general tendencies as 


of Course, 
do the numbers for i and ¢. 

The most important probability to consider, it would seem, is 
the probability P,, which is the probability that the vehicls will be 
hit at least once, Or, stated slightly differently, P,,éives simply 
the probability that the vehicle will be hit, the number of times it 


will be hit net being specified, The probability scale is such that 





@ probability of 1 means that the event is certain to occur, while 


a probability of O means the event is certain not to occur. Con- 
Sidering the values ofPy, in Table > for the 1°0-hour interval {5 
days), for instance, the probability of a hit is less than 1 in a 1000 
(i.e, 0.001) for all magnitudes of & or less, At magnitude 15, however, 
the probability has creatly increased and shows that there is only 

that the vehicle will not be hit. Here again, 


about a 5C - 50 chance 
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for example, that if we specify a 1000 to 1 chance of not being hit 
by a meteorite of corresponding magnitude 1° or ieee. the vehicle 
may operate for 19,2 hours. If the pr robability number is relaxed 
down to a 100 to 1 chance of no hit, the operating time increases to 
192 bours, etc. 

It is nesnoai ia te note that at around magnitude 15, the 
probabilities iy » Po and Py , @ll take on comparable values, show- 
ing that POmeN Ae be in this range of magnitude the occurrence of these 
three events becomes more or “less equally probable, 

In general, the probability tables indicate that for the neteorite 
sizes which are large enough to present a perforation hazard, the 
probabilities of a hit are quite small, never exceeding about 0.001 
(for a reasonable plate thickness say, of 0.10 in.) or about 1 chance 
in 1000. 

Havines the relation between T and M (Fics, 4 and 4A) and the 


relation between v, and M (Table 5), one my then derive a relation 


ae 


, whersd is the probabllity that a meteorite of 


between T and yp Pay 


l+ 
corresponding magnitude H will just perforate a dural ekin thickness 
of amount T. This reletionship has been derived and is shown in Fig. 
5, for the two altitudes 100 miles and 400 miles. Thsse curves 

represent, essentially, the net result of the vorforation and proba- 


bility study whon presented in the most useable form. 


ince the relation of the type shown in Fiz. 5 has been deter- 
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mined only for the ease of a 5 day time interval, we shall suppose 


that the vehicle is to operate for a period of 5 Gays, We then, 
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for example, may ask what is the probebility that a skin of Say 
0.12 in. thick dural will be perforated by & meteorite when the 


altitude is, for instance, 100 miles, keferring to the 100 mile 


; a [O. 
altitude curve of Fig. 5 for T = 0.12 in., it is found that Di ~ 1x, 


= :00i.. .. Thus, for the chosen condition the chances are 1000 to 
l that the skin will not be supeoucted. For a skin thickness T = .05 
in., the probability is Pie - .0048, anc in this case the chances 
are only 603 to 1 that perforation will not occur, There is not 

mich point in considerins values of T<.05 in. since at least this 
much thickness would be required simply from considerations of struc- 
tural strength, 

The use of the curves of Fig, 5 may also be considered from the 
reverse peint of view, Assuming operation at 100 miles altitude, 
Suppose wo are willing to take a 1000 to 1 chance on the occurrence 
of perforation, and then ask what the skin thickness must be, For 
Pig > -OO1 and at 100 miles altitude it is found that T = 0.12 in.: 


These examples are sufficient to show how the perforation - proba- 


bility-time curve is used, 
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reached by the vehicle vhen it is on its orbit sre csleulsated by conside: 
ins the process of radietion of heet from the sun end earth to the body, 
end fren the tody to spate. 


Suppose, to be,sin with, thet the simsle illustrative exsmpie of 
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88) 


tie heating of the earth by the sun is considered. It is desired to car- 
pute the uverage temperature of the earth's surfece. ‘The rate of heat 


rcocigtion by the sun will be 


ale 
ct le> 


je 20 
= OTS 1d, (1) 


where 


O73 x 10° BTU/(sq.ft.)(hr.)(deg.Ro)*. 
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it 


O.. 
10,890 °., sun's surfsece tenrerature 


ra 
i 


Se B64 ,000 miles, 


sun's diemeter 

This enercy trevels into space on Spnuericel surfeces, snd therefore the 
fr-ctiocn of this enerey which is intercerted by the earth is eaual to 
tia percentave or the sres of the snnere, of radius ejvel te the distance 
LPO ee: Sim G0 bie earth, whien is olocxed off by the earth. This must 
further be multipliea by the sbsorptivity of the eurth. Therefore, the 
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rate ot wheien heat is etsorved into the earth is 
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absorptivity 
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in which 6; 
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A = projected aree exposed to sun's reys 


il 


L = distsnce from earth to sun, 93x 10° miles 


The rate et which the eerth rscistes heat is 


i? 
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de vee | 
oe T? md) (3) 
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ct 


dere, € = enissivity; 
T, = avers..e Surfucse tenperature of earth 
qd, = diameter of eurth, 7920 miles 


Om” §. 
then heat is radiated out es fest as it is ebsorbed, eguilibriun condity 


exist. This is obteined by setting (2) equal to (3). 
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From this is found, after setting A = ra“/d, ard € = a by Kirchoff's 


law, 
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(4) 


t, %s 
SNE (5) 


Using the values noted above, we find oe = 520°R = 60°F, which is in 
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ec 
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re: sonetble screement with our everyday experience. 
“ow let us.veoply a similsr onelysis to a satellites vehicle. The 
venicle will elternately be in front ena Lpehind the earth, Supnosins 


that fb is in front of the esrth for 4 sujVriciently lone time to reach 


eculliobriun, the vovarnine releotion is 
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where the symbols are es nate 


of vehicle es seen from sesrth 


8) 


A = projected sre 
ve 


hog = affective projected ares of vehicle 3s seen from sun) 


T., = tenmpereture of vehicle, in front of eerth 


S = surfece sresa cf vehicle 
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fsein essume a =€, snd simplify (6). T, Cen ve eliminated by the use 


of (4)% This leeds to 
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now it is necessary to detcrmine the ratio of projected to surfece areas. 
The vehicle is conicel in shape, with an eltitude of 16 2/3' end a base 


diameter of 3 1/3'. If the vehicle axis remains tengent to its orbit, 


then 
A : 
vO _ v5. 4633. e Loeb? m 
Gt eg eee re ee ees or ee 


oor * 16667 & 3633 +2517 3.33% 
The projection of the vehicle es seen from the sun is e efrele at "dawn" 
eroduslly changing to ¢ triangle at “high noon" end ther soiling beck to 
@ circle et "dusk". The mean fourth root of the projected erea raised 


to the fourth power is 
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If the vehicle were betind the earth fore tine zreat enoush to produces 
equilibvrium tamperetures, then the equation soverning the situetion 1s 


“~ 


like (6), but without the first term. 
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This is reedily reduced to 


4 , 
ce = 292 1, | (10) 


It follows directly thet 


Thus we heve shown th: t the temperature of the vehicles must lle between 

é . QO . Bi O1, mn , " 
@ , the limits 70 f. end -79 F. To find just where, between these limits, 
the temperetur:s lie, it is necessary to set up the differentisl] equetior 
releting temperatures with time. The net rate of heat transfer for tha 


body in front of the earth with respect to the sun is 
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Or tue values used previously, 
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(12) can then be reduced to 
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There sre several caleulstions which can be immediately made using 


(15) 


(15). First, for ejuilibriun, eT /dt = 0, end Ty, = 530. This 
. a 
checks the celculetion msde rreviocusly. Second, the sreetest rete of 
} . es ot Lt 3 4 ~ ~ Loe] ~~ ¢ o 
heating occurs whea T, is least, and the least value of T. is 35 Ns 
F eiceyink.. Wes a 
Using thet velue, © = 1.0, C = .12 BPU/1b. F, end ® = 300 1b*, we 
V2 om © ea. 
find eT/at = 265 F/ur. 


An expression similer to (15) can be set up for the time when the 


vehicle is behind the earth. For that case 
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Here the meximum rate of incresse in Ty is elso 265 F./hr. Since the 


half-period is esbout .75 hr., it can be seen thet the tompersture 
changes will tend to be large. 


The meen tempereture, Tye? can nov be obtained by assuming that the 


rate of change of temperature is constant, end then 
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From this we find that 

pede: = Te 
An estimete of the limits to the tennersture variation on the orbit can 
now te found vy ealouletlicon of tha rete of temreraturn: chanve at this 


meen tenrersature. 
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To obtain the graph of temperature as ea function of time, it is 
necessary to return now to (18) end (16). Inserting the values for the 


known constents, we have 
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j when the vehicle is in the earth's shedow. 

i Equations (19) end (20) were used to obtsin fig. 6 , which shows 
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; the time veristions in temperaturs. 
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H The culculsettons mece up ta this point have considered oniy radle- 
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; heat trensfer arise, cependiny primarily on the speed ard altituae., eu 
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Consicer a surfece of the vehicle of unit sree. Then if N is the 
number of molecules in unit volume, Vis the vehicle speed, and a the 
engie between the curfrce a the Girection of motion, the number of 
motecules collid¢ing with unit eres in unit time is NVa. Fach molecule 
hes en energ sy (1/2 *, where p is the mses of one molecule, and where 
ve disregerd the rendom velocity pecsuse it is small compered to V. 


The enerey of all the nolecules which strikes unit area in unit time is 


evidently 
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1ON (21) 


rm 
a 
abe 


iK Vx > 


The same number of molecules will leave unit sree in unit time, but 
; Ait 
their momenta will be different. i.e will maxe the assumption thet the %&: 





molecules enter the skin surface, come to thermsl equilibrium with the 
skin molecules, and then are discherged in random fashion. The energy 


lesving the skin unit srea in unit time is just 


ee ewer 
Ent “30M (22) 


where C.. ig the moleculsr mesn squere Speed corresponding to the skin 
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tempersture. The energy left in the well is 


- ak 4 
3 Yo : 
Ee OS ch = 
as 7 io (23) 


Now by assuming eauipartition of energy et the skin surface, we have 
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where -D is the moleculur weirht of sir, Ris the universal ges constent 


and T,. is the temperature of the well. Eliminetine é Letween the 
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The most pessimistic cuse is thet in which3 5 1s ignored compered to 


| ee ve 
unity. if, efter taking that essumption, the rate of hest trensfer 1s 





found to be small, then since texing the edaditional term into account 
makes it yet smaller, the serodynemic heatine cen be ignored. This 

assumption has the physicel meaning that all of the enerzy of the on- 
coming melecules is left in the skin. Converting to BTU , ve heve the 


heat transfer into unit area in unit time, 


Tne followine tsble gives values of the heat transfer at seversl alti-~ 
ay 
tuces end et orbital speeds. u is 0-1 radians. J is 778 ft. lbs. per A 
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It is obvious thst tremendous changes in heat transfer rate take plece 
as cltitude is chsmred. In order to get a sesle with which to determine 


the importance of the avrodynumic heeting, we calculete the radiation 
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which has a mevnitude of 2 x 15° BIU per so. ft. per second. It can fA 


seen thet the radisatine pover is extremely aD Ee comperec to the rate 


BtEm> 
of heat input, so lone as the eltitude is not below 200 miles. Tt see: 


justifiec, then, to nerlect the serodynamic heating for the cases of 


the cruising altitudes. 

At the lower altitudes, where sercdynemic heating is important, 
more detailed expressions for serodynanmic heating are available, and 
these are discussed in other portions of this report. 

It wes assumed in these calculations, that day end night for the 
vehicle occupied equal times. That statement is approximately true 
only if the altitude is not greet. The veriation of length of daylight 
and night is shown in fig. 7. | 

Thea temperatures ccmputed here are, in general, lov: compared to 
meet we ordinerlly think of es being "normal". There are several methoc 
of controlling the temperature level, and reising it, if desired, First 
if the missile is steered around its orbit so es to present. its meximun 

projected area to the sun et ell times when it is in the sunlight, a. 
gain of 30°F. in mean tenpersture can be hac. Second, reducing the 
emissivity will proportionstely reduce the i opneuie of temnerature 
fluctuations, although the mean temperature will oe uncnanged Third, 
surfaces of Sitrerent values ohenienigicg tak evev fron the sun} 
Will rise the meen tenperuture., Fourth, beens the plane of Tlisht 
to ong inclucine the eervth's axis end ot the same time pernendicular to 
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the win et all times and raise the mesn temperature to 7O F. 
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Aerogyvnrmic Control while on Orbit. - The use of aerodynamic contro. 


is devencent on the ability to develop starnstion pressures (or indicats 


2 
sirspeed) of ressonediy lerve order of mamnitude. The stscnation pressu 


in turn, depends on the utmospheric density und the venicle specad. In 
the present case, the orbital speeds are high, but set the desirsbdle 
cruising altitudes the densities are extremely low. This follows direct: 
1y from the fact that the densities must be kept low so thst the drop 
per revolution is slso low. The following teble gives velues of tke 


indicated speed, Veo for several altitudes, where 


é 


a 


v, =Tp/e, V 


and where the stagnation pressure q, is 


Here Py ig standard ses level density. 


LLTTTULE OPTED DENSITY INDICATED SPEED 


wiles | ieee cea ow Sluss/ctistt. f.p.as 


100 25 600 1.07x16°° | 5 


13 


0 25,900 2.4x107 25,900 | 
| 
| 


O.k 
0.006 
9.0004 


200 25,300 1.7%16 
300 — 25,000 1. 3x10 


4,00 22, ,700 61x16 


16 
19 


wow the force per unit ares which cen be developed by aerodyninie 


mauos is in the order of 
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Ca. oe bad 


i “at. fateh oD Te area aed 


At 109 miles eltitide, F/E is ebout .025 1lb., and for en area of 


50 sq. ft. & force of 1.25 lb. would be developed. Thus, since the 
veight of the vehicle is stout 1000 tines this force, we see thet it 1s 


hopaless to ottain eccelerations or balantine of weight mcments through 


aerodynamic means. The only use of such controls et high altitude would 


be to balance other aerodynenic forces or moments whieh, of course, woulc 


be of egually smell maznitude, 


thst the lift drags ratics at high 


to 


Pele ey ” 
is SOMGS HC ra 


another factor of 


wultitudes ars in the order of one. To avoid losing eltitude while man- 


euvering, it would be necessary to counteract the drag by thrust - the 


It is more 


thrust being of same magnitude as the lift. qboviously 


economicsl to use the thrust force for lifting to begin with, anda to 
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dispense with the serecdynemic control. 
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1. PROBL AFTER ORBIT IS ESTABLISHED | : 


tbituve Control bv passes: ~ After the rock et fuel is exhausted tae. 





get rudders Decdie inoscrative and other MEGS "WS st be adopted to sontaes 


OD 


tre attitude of the missile on its obit. tn t extremely rereLlied alr 
; ? : 


oO. the ienospnere it may seen unnece sary to head the missile in tue 


direction of its path because draz is neglivible. However, if a definite 


orientation of the missile is desired, be it for a of orienting 


missile-borne instruments, cof resulatins tenperature aboard or of slidin. 


the missile on a descent into the lower atmosphere towards a slowdown _ 


and eventual landing, then means to turn the missile deliberately mist 


ve provided. Two such means have been proposed - viz, (1) missile-borne 


flywneels which when impelled will iunpart an equal and opposite angular. . 
momentum to the missile and (2) el torque rockets, | | 

The fea asibility of accommodating ade-juate flywheels: in the satellite 
missile can be zleaned from the following study. Either in the instru= 


mentation esa or in the rinz space around tne thrust nozzle tnere ane 


pears to ke room to accommodate three flywheels; one each for pitch, yaw 


and roll. ‘the projectile weivhing about 1G00 lbs. empty is estimated to. 


Oo" dlameter rlvwheel vdeo “ing 


s 


about 2 lbs, would have to be rotated 50,000 times as much and as fast 


have a radius of gyration of 3 ft. An 


{’! 


as the missile is to be turned in tine poosite direction by reaction, 


provided no extraneous moments interfere. 5%: 


eed 


OO RP would turn thie projectile end for end in ten minutes. The 


power necessary to attain tiis speed in say 20 seconds, and to keep it 


running would be less than 1/50 HP. The brekin2 eould be done boy Lfrietic 


Less power would be reguired if sore tine is allowed or if the Llewheel 
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a Gay! i as 
(Sen 


is made larzer. 


Actuall; tnere snoulud be-ro pressing necd for nish rutes of tilting 


“ach smalicr rates should siffice for casual corrections. 


the projectile. 


The averaze rate oi rotation necessary to Bee eee bhe heading ali: "ned 


with the path is one novo Meron in 95 ninutes, asut as. of what the 


| device envisa sed above could cone With. ieusuee. there is no 


reason ny the orbital ansuler monenbua sould not be already iuonarted. 


by jet rudder action durinz the last phase of the powered ascent before 


entry into tne orbit. 


As to roll control, the lesser moment of inertia of the vehicle in 


roll probably admits of similar attitude control with a smaller flywheel 


device than pitch and yaw control. 
It would thus anoear that a flywheel type of machine to influence 


the attitude of the satellite projectile in the absence of extraneous 


moments poses no serious proute from he Hiciewitieot bulk, wedctht, 


and power involved nor is the apparatus complicated or Jelicate. 


Problems however, remain to be solved, to be sure. The precision 
’ | ’ E | 


with which orientabion of the missile will bave to be predicted or com- 


manded remains to be determined snd tne methods by which the etiatude 
v 


of the projectile with respect to its nauth over the earth can be tele- 


metered deserve serious study, “ven thouzn the air density at the 


orbit altitude is very small, aerodynamic disturbances may yet be come 


mensurable with the control moments considered. If such aerodynamic 
a 


moments are present lor 2 larze part of the time then ctncir continued 


counteraction moy entail the accumilation of larve flywheel momontun, 
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It would be possible to allow moh larver mextaun flywheel speeds than 
the 2500 RPE prey ieaaly mentioned. Limitations are iawn by ‘technical 
because the larger a flywheel 7 
ofa chosen wedcht, w, is made the lonser isaac aes ziven torque 
The bias tate of the reaction. moment 
that can be put into the flywheel is J dt = wh/y = wr V L/g. where 


wnile Lois the breaking lenzth 


before rupturing its rin. 


of tha material and w the ansular velocity eventually sequired. by the 
flywheel. Assuming that the larsest diameter flywheel of which a pair 
could perhaps be accommodated in the, satellite missile is 2r S 320 
and that, the rim is made of steal having a breaking lenzth of 67, 000", 
bisa: the product of reaction moment in ft.-lb. by the bluine in “seconds 
that can be derive d fs each pound of rim weizht is ; 60 Pe.-see. before 
the wheel would fly apart at 9600 RPM. Some factor of safety seua 
have to be provided. For instance, a well-proportioned flywheel of 
ft. diameter Henonins 20 lbs. which would be allowed to attain 10,000 
REL would cope with a systematic averaze aerodyne eric moment of 1/100 
ft.-lb. for 1O orbit periods in its plane. This amounts to 2 lbs. of 
meel weiv-ht investment per orbit. 
while rotors are spinning here will be syroscopic cross influences 
wiich may require mutual corrective devices put they are not accumula- | 
tive over more than half a satellite period, 
The second proposal of attitude control by reaction envisages small 
ras exnaust recoil vans. Six or eisht such devices arranzed to emit 
jets bneatiely to the skirt-or the snes coei ls can provide control 
, fe Phen _— 
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Chapter _11l 
on 
of rotation in pitch, yaw and roll. 

If the gun were mounted to fire radially at a leverage from the 
center of gravity of the projectile of weight ¥ and radius of gyration i, 
it would have to develop a recoil force of P = T n®ir/30 glt in order 
to accumulate a pitching rate of n RPM in t seconds. Assuming f= |, 

Tis wi? /g = 200 slugs rt.” and n = 1/20 as before, Pt = 7/8 1b.-sec. 
In other words, a recoil of about 6 ounces acting for one second or 
1/10 ounce acting for one minute would suffice to achieve the svecified 
effect. The amount of gas to be discharged at supersonic velocities 
under some pressure would be of the order of 1/10 oz. each time such 
control is given. Such gas could be branched off from an existing ni- 
trogen pressure systen or from an alcohol oxygen burner or even an 
oxygen vavorizer. 

Again the question of how much aerodynamic pitching moment the 
control may have to cope with remains to be investigated. If again 
1/100: ft.-15. average torque were to be generated continuously, then 
only 1/4 lbs. of gas per circuit of orbit would have to be exvended. 

On the first glance this looks atout & times as favorable as the flywheels 
but considering that momentum is no longer conserved for moment reversals 
the two schemes appear essentially on a par as fér as weient investment 

is concerned. Other nace may be considered for creating erecting 


moments or for x<eeving the cisturbing moments small. One of the most 


drastic ones vould be to house the real "payload" instruments in a 


spherical snell and exoel it from the satellite vehicle after it is 


esteblished in the orbit. 


BREET SIE ENE ENE LNT BENG UR ASB eet ON RA Be I ok ES ORT A ACR Ds A IES 


peo 


DP RGB SF 


eM TR 





SY ee NE RS EEE LD vit 2 





e | 
: 
i. 


er i it w.prye ek -  D * ero ae o Be - oe ~e 7 
ace as a0 .s wet he ve *. Beas iy mere hi hs wlat hae ; j er, ee Meee hs te 
: 
tT t aes Se : Se 
-. : + 1%. re v a a Has . . oe ‘ t 1 2 ' . AE re: t r ti et ~ bay 
ae eee rr ar ie wok a came he SNe oe an bel bbe ot a ahednbed te ae mal ¥ dest Leet rel” sinha iw . Pa -he 
~) * 'oMee - - wae cae, 4 “Ner RR ee Re Le 
. a ot Say ; ee ag rs an gaa - ne dE Se at Byte tee aye Bee. 5 nd ao ayer) SAE" a ae ek Sa Pn Se A ee Be 
Le ot _ rts Hi Fn a OE a pee wre, es? SORA eB ete 8 ie 
Bois ane) Scat | ° areal Me ta MS Bon ee Pees, © es as 


Lie 


OT UTEP BREE TA WE Wi PR 


Chapter 11 














twee ~~ .~ m= — rant bas RI 2 ees ad ~, f e ait F 
ot” panes a. ean oa tamed Pres os ak ga? ie 0 ee ie (head nos» e ™ ‘s Co au ad) 
Loss in i¢@2 ieht iue to Resistince vhile on Ornit. - rreliminery 
7 : 
Calculsetions on the loss of eltitude as time eoes on showed thet at altitu 


crop would be encountered. 


foLio*l = Towle, Hovaimied oY smell 


Lat a 4 au ana ae 


K 9 


AR Ge the Joss in eltitude per révolution,. 2 2S vile -orpited radius, D 


neacty estimave of dra-r 


- 


ra 


tr* 


is the Gras, and « the weight. For s one is teapte 


. 7 
| q a eo ae oy 
to sey O.™~ poe ~ ,  oona then = Se as 
b ee l La aes 
ie ™ 


uere .c is the iach number, p the eir density, V the speed of the vehicle, 


and 2“ its frontel erea. To arrive sat 4 metnitude for 4, we 


f assume an 
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dp = dp 


where 2 is the onatent. 


Fas 
BS 


to 


ey) 
pt 


Combining these two equations vields 


OG ch 

cnet my ee 

S cee 
S 


Inteerrstien then leads to 


lor 


5 
rh 
p= =o, + const. 


H 


Tie constant esn be 


Se as 


Oe 


Rees Fiat Teer & ye ‘ ° t 
. Biel 


odie no ae 2 eye F 





TE I, RR SS ROR SE Ete elt Oe TS ita eee TIN EAS he we § be Peete Bae Pea Siee * Re res 


. or * Se eee es aad: Senne Ha at e~ 
wy a ‘ L946 aver de, aaa ie te dh ny te cb PLA MT RECQOPSBL Gy eM 

pied a wee ee As uke ne ee, te Ae ai pues 5 Ace oe pa 
ge F ey oa ese Nee a deco ee eso, ee Sa : | % BERT AT We! Lie 


a et Tal aN aa et a ae RR Te, Sol PN Te Oe COTE ah Wed tency ete Tee? ain ATT eRe REPL CR oy we A 
A STATS INTO NP EEN NE i RS a ICE RS ME RSI SOS NTE Ta IIT SRR aS re SE Sa NBA EEE SE Te i Te BRE 


fcTeR 


; e ie ivy " a ne fal Bs = ie 
Pie aoe oe, oe HOB wer |. sas 
ne - ' ON AN gy j aug aiid 


Then log py - log Ne ae 


OW 


This cen be written 


Suppose, now, the folloving numerical values sre essigned to the gquantitis. 
in this relation. 
R= 4,000 x 5,<80 ft. 
4 = 1150 lbs. 
A= 8.7 sq. ft. 
V = 26,000 ft. per second 
if = VATER A = 25,000/f 1-4 x 53.3 x 500 x 32 = 24 
PS * .002378 sluss/eu. ft. 
h = 100 miles = 528000 ft. 
T = 500° kh, 


He slugs per cu. ft., 


The density cun easily be camputed to be .48 x 10° 
and the dreg is .00059 lb. The arop per revolution is then found to be 

a ie tae ear Doubling the altitude, meking it 200 miles, would heve the effect 
of squering the velue of P/P a end finelly chenging Ak to ebdout 10"? feet 
per revolution, 


These results would seem to indicate that the loss in eltitude was 





sufficiently small at altitudes well ebove 100 miles. In the first 


pluce, due to the extremely low Xeynold's numbers encountered at high 

altitudes, the dres must be evalueted by unconventional methods. Second- 
ly, the essnunistion of en isothermal atmosphere can carry with it lerre 
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The viscosity data were obtained, as functions of tempereture, fran 
McAdams, Reet Transmission, Second Edition, p. 411, and Durand, Aerodynamic 
Theory, Vol. 6, p. 227. Using these data, it is found that AX is grossly 
ditferent than was oelouleted by the first, erroneous, set of assumptions. 

The primary cause of the large difference between the two calculatims 
is the difference between the isothermal and the actual stmosphere. The 
large temperatures anietine at great altitudes causes the density to drop 
off much more slowly than would have been predicted by using lower temp- 
eretures. The following table, for example, shows the actual and isothermal 


(500°R) values. 


ALTITUDE p (T=500°R) o( ACTUAL) 
100 mi. 4.8 x 16+ 1.07 x 161° 
200 mi. 2.3.x 18°? 1.7 x 167 





These differences ere the direct result of the type of temperature veria- 

tion saan in each case. It will be noticed that the nayiiced values 

Shown in the table indicate that a vehicle sterting in an orbit at an 

altitude of 200 miles would remain aloft cbout 3 weeks. jiiowever, when 

the accuracies of the assumption underlying these celculetions ere examined 
critically, particularly the values of density in the upper stmosphere, 

it is found thet the duration figures yee be in error by s factor of 

1000. For Sit -asaon an additional line is included in the tabdle showing | 


the lower limit believed possible for the durstion. Confronted b; our 


present state of ignorance, one cen only conclude that the minimum initial 


altitude for a satellite should be 200 miles while the recommended sltitude 


would be between 300 and 400 miles. 
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An important ultimate coal for any vehizle must be that of carry- 


ing human teines with safety. One otstacle which seems to stana in 


the way in the rresent case is the ereat enercy stored in the vehicle, 


a part of wrich serves to neat the vehicls on descendine into the 
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heat of the ve 
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where: 
= vehicle weirht, lbs. 

o = accoleration of gravity, ft./sece./sec. 
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Tye time revnired to radiate all this enersy into space can be esti- 
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= Stefan-Boltzienn constant, STU/sq. ft./hr./{ F. 


= enissivity 


Pa 
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vehicle teurearature, i. 
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= venicle surfsce area, sq. It. 
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choosing C = le - 10°, €# 1.0, and a = 95, % * 1150, leads to 
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high a temperature as 1000 Res t)].en 74 ours would bo required for 


the necessary removal of heut enereye The burning of seteors 43_ 
they enter the earth's atzios phere is a strikxin:;; example of the type 
of phenonenon which might be expected. 

Actually the dissipation times will be only 4 small fraction 
of that conputed above because > lurge portion of this energy is 
left behind the vehicle in the form of heat in the wakes The as. 
mainder is radiated oo the surface, is stored in the eeniene a 
heat, or is retained as kinetic energy to be Cissipated during the 


“e ground. is en here only Abi thet eneruy 


landing run on the 


which is fed into the vericle as ieat ang which must be radiated. 
3 : 


back into sp puces - . 
Te salution to the problem nuct come frou a method of cop 
trolling the traiectory durin: tie Landgiti.c plide so that the heat 
input can be dissipated at a teriverature sufficiently lou to prs=— 
vent dame ae to the vehicle. UG!) control of tie slide path must 
be acconplished by aerodyna wical neane, isnplying that lifting 


surfuces must be orovia ted to vorevent the yeuicle froin entering the 


fae trajectory will | 
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denser region of the atmosphere Loo Pups paly. 
noy be investiinsted by “studying: the heat slow Lalanec. 
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= ASTRAL NSS _ ; 
where: 
g = heat energy, BIV 
t = time, cece : 
: S = euenaee area, sa.fte 
H = heat transfer coefficient, BIU/°F./sq. ft. /sec. 
Fr, = boundary layer t emperature 
: t. = vehicle surface temperature 
‘The heat transfer coefficient fas been shown to te Gy | 5; 
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p = density of sir at temperature Ty. sl #s/cuefte 
cb 
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total cone angle, rad. 


The work which follou.s will be much simplified by the arbitrary 


agsumption that the exponent of. tne Keynolds nuaber be chanzed fron 


0.8 to 1.0. (4) then becomes : | 


yy : (5) | 


a 
eo) 
OD 


H = .0224 2 










aes 





where: | : | : 
specific heat of air ut constant pressure, Oo woes Ee, 
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is approximately constant. Using 0.7 for cp/d, 0424 for ¢., and - : 


ee for}, we find : 
H = 0045 pV | (6) 
(6) can now be combined with (3), yielding 
Of 
ak my i. ies 
- 0045 pVS(T., t) 7 (7) 
Now it ig well-known that the stacnation temperature is related to : 


the Hach nuniber by the relation 
po DB (1+ 2) (8) 


Here we use t for the ambient sir temperature. Experience based | ‘ 


on German wind tunnel results has snown that tae pounder aver | : 
température is scuewhat less tian the stagnation ber-yerature, SO We 
can write 
- | | Ta * 701 + 1387) (9) 
; This relation, combined wita (7) gives the final express sion for the 
rate of heut input. | 
se = 20945 pVsS (t + sare, - T) | (10) 
: The effect of the sun is not important here, a3 is shown by com-~ 
parison to the flight of meteors, which becoiis very no t only on 
q passing through @ gaseous atmosphere. : 
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For the heat output, we have the familiar radiation ecuation, 


8% eg agp 4 | | | 
f= € 0ST, (11) 


Cy 


in which 
é = emissivity 


gq = Stefan-Boltzuann constant 


Now we shall define a speciel trajectory of descent, one in 
which a constant temperature of the vehicle is muintuined. inat 
assumption implies, as is shown by reference to equation (11), that 
a fixed rate of heat transfer is characteristic of this trajectory. 
This fixed rate of heat output must be matched by an equal heat in- 
si by proper choice of a al at each eitieude in order that the 
skin temperature not changee The analytical expression of this 


trajectory is obtained by equating (10) end (12) 
v i 


~OOL5 pV (a7 EMT - T) seoT* (12) 
For any given temperature of the vehicle, (12) defines a unique 
speed for ecca altitude. Curves showing these clide puths for 
several vehicle temperatures are cor firure l. 

There are several important resuits to he cbt.inec from Tigure 
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1. First of all, since the contours of fixed skin te:paruture 


ct 


ure eesentially horizontal, no serious ieutin: dne to friction will 


be encountered above the 70 mile level, ut least for speeds in the 


general order of 25,000 feet per second. Second, at heights below 
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ant way. ihe ¢lhinh starts ut uere volocity so tuat the recion of 





hich densities is csssed throuch tefore preut spseds sre built up. 
In the descent on tle cther band, the regions of ish density und 
of Lich heat transfer coefficiert are traversed ut very high speed. 
Tois fact makes for esmull gains in temperature duri:.3 tle climb. 


For a skin thichnece in the ordsr ov 0.1 inches, a temperature rise 


of lose than one hundred degress FPunrenheit nas been conouted. 
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A considerable smount of study has been devoted to the design of 
a practical satellite venicle based upon the principles outline? in the 
preceding chsoters. Two ulternatives navo been considered, one a four 
stage rocket fnelsd with alcohol, the other a two stage rocxet fueled 
With hydrogen. Of these the former is lighter, sinaller and by far the 
more conservative in terms of research raejuirements, safety and certainty. 
It will] he deseribed in sone detail as to stages and technical ccriponents. 
The hydrogen vehicls is a mich more speculative vrojact, dependent con 
uncertain cutcose of more ambitious and dangerous research projects. Its 


therefora.onilvy briefly outlined in the last section 


4a) 


desion aspects ar 
of the present chapter for comparison. The three pictures shom at the 
beginning of the present chanter will ave an idea of what the vehicles 


oy 


and their components are expected to look like. A rough weight break- 


my 


down of the two projseta is presented in Chapter 7. 


Shans and Diransions. The gnape will be that of a typical vro- 
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rose and ecntoures sities wnich taser from a 


Cte 
4 6) 


tile, having a polate: 
maximun width aft of the midsection to a minimun width at the base 


otor exit iianeter and space requirements 


which ts coroatible with the 
for jet-vane controls. The length will be of the order of 60 to 70 feet 
and diameter -about 12 to 14 feet, giving a fineness ratio between 4:1 


and 6:1. Such a vehicle would have a density ratio, .029 pounis of 


loaded rissile per enbic inch of volume, comparable to tas German Ve2 


ratio of approximately .020. This indicates considerable progress 
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towards better utilization of spaca, 

Stages. The vehicle will be divided into four stages, the pri- 
mary or first stage being nicknamed "Grandma", the sacond stage "Mother", 
the third stage "Daughter", and the final satellite vehicle "Eaby". 

Baby will carry the payload and intelligence for all stages, in addition 
to tat oak fuel, pumps, motor and guidance, and will comprise between 
1/5 and 1/4 of the tenet of the total vehicle. Daughter and Mother 
will each carry only fuel, pumps, motors, and controls, being guided by 
Baby, and will be about ee same length as Baby. Grandma. will comprise 


almost half the length of the total vehicle, and will also contain fuel, 


“pumps, motor, and controls, being guided by Baby. 


structure. From the standpoint of size and applied loads, this 
vehicle is not out of pronortion to present day larga airplanes of 50,000 
lb. gross and over, so it is believed entirely feasible to use airplane 
types of construction consisting of reinforced sheet metal. The posai- 
bility of elevated temperatures existing on the surface will probably 
eliminate the use of aluminun alloys for skin covering and require the 
use of nigh strength stainless steal. Motor loads in any stags may be 
carried into the outer skin of that stage by a truncated cons diaphragm 
extending from the motor base to the outer sxin. The thrust load of 
any stage can be transmitted into the next succeeding stage by pads on 
either the motor base or outer covering of the next stage. The base 
of Grandma must ba anply reinforeed to withstand the dead weight of the 


entire assembly when mounted vertically ready for launching. 


ms, 
wie: 
ate aA e ta 
mm 


vote 
ad pow. 
ae ee beach Tee: a 
ee 5 May ete 345 ta Powe raa, : he 
Ln Se a a z eo Lge ct ne Be, ; ; 
- 2 vse ee ae L 


Gaapter 13 


sam 








UE ORS Coe MRR eee 





BBR SOR ORE seat 2 OER Ae 


tie SES 


i 
EI 











DATE: —. 





z 
é 
rie 


tet 


ee , Se bee G® : ” 
nF BA wht 2 Se LT EN teat, Se ol Wee ot an Ste ok 


oe. te Cs I 


4 

‘, 
é 

: 
i 
c 
3 
; 





peaaee Wr 





{ERR Ee Baer eee 
a 


PREPARED By: ee LPCOShET » KZOUGLAS AIRCRAFT COMPANY, INC. PAGE: UF 
t a] - ore’ t t+ % 

Hay 2s. aoe é(Cox re 5-28 -f) ad OOIGA PLANT MOODEL:._ #1033_ 

Sw} } 


nore apy a 


me me ee ee ee 


PRETTY Dee I Gu OF SATALLTIS, VeICLS 


REPORT NO or. 


LIM LS LRTI LEY ELT LEI SIT TE LE MS SPE REINO IGLESIAS GENET BIER NEILL LE ENE LEAT EC NTT TEI 


mural Sy Rteageseg. TPM ATH, + 
a NS IN a Lien SAS i 


Although all flight loads are essentials directly along the axis 
of the vehicle, some reinforcing may be required to account for handling 
loads while each unit is in aheoiconia position. 

Tankeage., In the event that the oxidizer tank does not need to be 
insulated from the missile outer skin, the skin will serve as both tank 
shei] and missile shell. If insulation becomes necessary, a double skin 
thickness will be required, thereby increscing the length or diameter, 
or both, of the entire vehicle. The front diaphragm of the forward tanx 
in each stage mist be reinforced to withstand internal pressures created 


by excess of vapor pressure over outsije air pressure at higher altitudes 


¥hen liquid oxygen isused «s an oxidizer, some form of insulation will 
probably be required between the two tanks. This will requires a double 
diaphreem between the two tanks. All diaphragms can be of a near-ellip- 
soidal shapa to more nearly approach the optimum weight vs. volume ratio 
under the existing hydrostatic nead. 


“Motor. Tne motors are designed for licuid oxygen and alcohol as 


the propellants with a mixture ratio of 1.5 (wt. of oxidizer/at. of fuel. 


The motor of the fourth stage is patternei after the light weight type 


developed bythe Jet Propulsion Laboratory of C.I.T. The motors of 


lst, 2nd, ani 3rd stages are patterned after the German throatless notor 


which was intended for later use in the V2 and Wasserfall. It consists 


primarily of the divergent section of the conventicnal motor with a shert 


combustion seeticn the same size as the threat added to the front. The 


injector is of completely new design which gave gooi combustion very 


. / ae Se r 


rarvs 
eos 









) 


SS RRS EBB 9 a SA SW ND UE SV on AR toe ont eden SOT 





ees ee ee 








PREPARED BY: 2 ere... DCUGLAS AIRCRAET COMPANY, INC. pace .-..-200.... 








pate:.-_._ May 2s 2940 SAGTA NOVICA 00. _UuPLANT MODEL: FLOPS 

rimce:___._ PRELIMINARY DSS TON OF 5 SATELLITES VSHICES 0 eront wo. Sie L1 227 

ie REALE SEE EZ TNE TENET SEINE LETTS ITIL INES + ES ELIE STS ai ASTANA 

i 

close to the face of the injector. With tut a very small penalty in 

; gas velocity this new type of combustion chamber was adopted in the de- : 

: sign of the motors for Stegos 1, 2 and 3. 7 

All the motors sre regeneratively ccoled with the Alconol being | 

: used as the cooling medium. The Alcohol is brought to the exit section | 

of the motor xhere it enters the cooling coils for circulation around 

; the motor. The Alcohol is then directed to the injector head for in- 

jection into the combustion chamber. 

. The nozzle expansion ratio (area of exit/area of throat) is 6.0. : 

: for the first stage and 20 for all succeeding stages. The nozzle is ~ 

: & shaped Like a bell jar for rapid expansion near the throat and very 

little expansicn near the exit. This will oreo the jet flow straight 

; to the rear and will cermit the location of the jet rudder control in- ; 

side the nozzle exit. | 

Fuel System. The fuel system is visioned as comprising a dual 

pump arrangement for delivering the fel and oxidizer frori the tanks to 
the motor through the necessary control ard regulator valves. The fuel 


can be used as coclant for the moter by passing through colis arranged 

either helically or radially around the motor. Under this arrangement, 
both fuel and oxidizer pumre would be mounted on a common shaft and so 

dasigned that proper mixing ratios would be maintained at all cperating 
speeds. The pump shaft would be driven by a steam turbine. Past prac- 
tice has bean to use the action of a catalyst on hydrogen peroxide to 


generate steam for the fuenine. The hydrogen. peroxide is delivered to 
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i the steam gsneretor by nitrogen gas unier high preseure. 

In some cases it viignt be necessary to use multi-stage pumps to 
prevant cavitation, but ali punvna must bs designed for extreme lignt 
eight by the use of hollow blades and other devices. They must also 
operate close to pesk efficiency at Sesion speed and at icwer throttled 
speeds. ‘The design of both turbine and puzips will =o facil itated by 
the short duration cf run. 

Various on-off valves must be provided to start each turbine pump 
: at the proper time, and some means of throttling to prevent excessive 
vehicls acceleration must be incorporated in these valves. A control 
; | valve operated by the motor coolunt must be included in the oxidizer 
line to prevent the oxidizer from prematurely reaching the motor and 
causing an exolosion. 

Plumbing to the motor must be provided with expansion joints to 
prevent breekage of lines. 

Controls. The control system of the missile corprisees attitude 
and thrust controls for each stage and a common regulator system which 
governs the eontrols from a central brain station lecated in the final : 
Baby unit. The attitude control is affected by a cruciform array of 


oh 
LEEDS, MEALS * 


four varss mounted cn radial shafts near the rim of the motor nozzle. 


Hate 


They are tilted on radial shafts by servo motors go as to deflect the 


hot rocket gas jet. By symmetrical deflection pitching or jyawing re- 


action merents are developed. To create a rolling moment a cyclic ; 


differential deflection is superimposed. Thrust is controlled by regu- 
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lating the fuel 


The master requiator in the "brain station" comprises an automatic — 


pilot system based on a init reference syrose ape cate ees 


trajectory calculated LO enter the orbit enoothlr. 


matic regulator so as to permit overriding the latter 


tilting progran sovernor vhich is des igned to fo) Low a ee ascent 


& redio altinoter 


as viell 2s radio s1ide beam or remota comnand receivers are igeeiea 


in the 8aby wissile. ‘Their outputs are mixed with those or tne auto~ 


} and epplying 


corrections for unforeseen dis turbances, 


” 


a The Haby vehicle is further equipped with small reaction motors — 


- desiznsd to exercise a moderate amount of control of orientation of 


é 


the projectile when in tne orbit. 


-Telemeterinz and beacon equipment will suppleusm the control 


system by ParerGnnene transmission cf tractuing and inte sLlige ence informa- 


tion to tie | “round director Statatns- + « | a 


oriss curried on tve missile are: elec 


oo Among acces 


tric power plants to supply electric power £: tre instrumentation, © 


remlators, and servosystems s state separation devices and their controls; 
safety devices to int rloes various sanchicas; tii aupliances necessary 
saan eas aes testins séefoare tacemorlt : 
Payload. whe nose cone of the Sab; vehicle ic resorved vor tne 
ecto and asant bo house nast of bus usefal Last punenbabion sien is 
to ve Sapeeeen bie ‘Congas to secure intomaation rahi ered were | “ne 
carload cone d sions &5 now “ene are ~Sort 2 fb. diameter of | 
the balsed base, anc 2 fie 2Unsihe Ib snOvers-2 | 
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tarust mot yr of fie Baby vehicle. 


: Operation. ia operational procedure in launching a satellite 
missile is vicnalized essantially in the following sannert All parts— 


of the vanicle after jisving been proof te ested ars brought to ta 


: launching site where a base with a blast apron end suibable scalfold 


have been installed. Here the complete veniele is assembled upon & 


launchinz stand by oro rressively hoisbinz the lesser stages on Zap of. 


a the larger ones. All s systems are checxed 25 each stare is completed. 


Next all containers are Cilled from bottom to top and eventuull> topped 


¥ off, and the hoist moved away to clear. in the meantine alt jround- 


‘ | 

: observation stations are placed, manned and warned. Actual firing 

: is trizcered remotely from a protected control station accordin.” to 

: pre-arranred schedule. 

ig 

: Uedrozen Alternsztive. The alternative profact of a nydaroven 
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Throughout the present desiren study of a satellite vehicle, it has 
been acsuned thet it “ould ba used primarily cs an uninhabited scientific 
laboratory. Later develonnents could alter its capabilities for use as 
an instrument of warfare. 

However, it must be confessed that in tho back of many of the minds 
of the men workins on this study there lincered the hone that our inpartial 
enzineering analysis would brine forth a venicle not unsuited to hunan 


~ 


transportation. 

It was of course renlized that 500 lbs. end 20 cubic foat wers in~ 
sufficient allotment for s man vho wes to spend many Jays in the vehicle. 
However, these values were sufficient to five assurance that livedle 
accommodation conld bs provided on sone future vohicle. 

The first question to be considered in aobeeiniae 4 the nossidility 
of buildine a man carryiny vehicle is whether vrohibitivoly hich accolera~ 
tions can bo avoided during the ascent. The Vee zave hove that this was 
possible. Our ovwm studies have likewise showm that the ovtimal aeccelera~ 
tions ao rot exceed about 6.5¢. A man can withstond such acceleration 
for tho nariods of time involved (several minutes) if he is properly 
supported with his trunk lyine nornal to the Girection of the Reecieree 
tion. In Chapter 8, 1 will be remesberec, the ensivsis showed that the 
performance could be inproved a smell ea:ount by throttlince each rocket 
motor durins the latter nortion of its burnines period in order to reduce 
the structural loads. Under these conditiona, the raximun accele: ations 
could be profitably reduced to about 4 = All these findines confirn 
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that acecnt offers no insurmountable obstacio to the construction of an 
inhabited satellite vehicle. 

Next we consider the s.foty and welfers of the nin after the vehicle 
has been established on the orbit. Populer fiction sriters huve devoted 
considerable thengat ond ingsauity to neans of furnishin: him with air, 
food end water. ™.e ~ost insenious cf these solutions is that of the 
balsneed viveriun in which ple nts eng men completely surply each oth 


1900S. Leaving these probless to the invertors, we ask ourselves the 
enginevrins questions of whether we can provide livetle tempeyatures and 
e sonnoneuie protection erainst neteors. In Chepter ll we have seen that 
the enswers are tentatively in the af Pirmntive. 


of suefely returninc the vehicle's 


th. In cheptcr 12, we have seen that, 
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15. EQUI PIO! OF EN AD CT OF PROTEST 
Sstire:ite of Tine Keuived for sro ject ~ The procrass of the pre- 

liminary desisn study nresonted in tig report Las indicated it is 
extrenely imnortent thut at leust six montis additionzl research and 
prolininary desicn worx be done on tids project before any defirite 

; 


by 


s 


desien and onildire program be established. It is possible by doing : 


this thet q three to fiva year provwrau2 could be planed wich would 


= Ap Pay 


tate into consideration the technolo--ical advances expectcd auring 


My Se rete. Ee 


tnis voriod so that obsolescence 1.ould not overtuxe the development. 


a 


062 wile follow in thie sections on : 


ct 


the above statement and 


ale yh 
a. 


Program and Costs are based on the recuiremerts for the ulconol~ 


7 
bad . hel *. t 
onvren rocret units, and not on tne nyarogen-o4“ycon ylternate. B#5ti-~ 5 


pates on the hydrosen-oxvsen writs are virtually innossible at tnis ‘ 
ate) . > w - 


| rd 


“crs 


tine due to the unknown factors in tie use of licuid hydrogen. 
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Program of Building and Testing. n view of the siihinsie. of 


the job and the increase of its magnitude with the transition to large 
launching stages, which for brevity's saxe will be referred to as Saby, 
Daughter, Mother and Grandmothor, it will be desirable not to tackle 

all stages at once but rather to progress from the smaller to the larger 
in sequence in order to reap the full benefit of experience gained as 


the job moves along. At present the extrapolation from prototype to 


-unpreeedently large mother stages can, by the vary nature of such a pro- 


‘gensitively depends on relatively small changes in technological assump- 


cess, only be delicate and groping. The actual size of the real article 


tions. This apparent uncertainty will disappear as successive tests of 





the lesser stage units will supply the inforwation upon which the design 





of the larger ones can be solidly based. The smallest baby and daugnter . 
stages however are of conventional dimensions well within existing prac- 
tice and experience, so their design can meat be immediately begun to~ 
gether in order to accelerate solution of ihe birth~-aloft problen which 
is the most drastic innovation over the existing practices. The manu- 


facturing program will te overlapping as dictated by the testing program. 





It is anticipated that more of the smaller stage units will be built 


af 





than of the larger; and that the stages will be tested individually and 
also in combination. Flight testing of any torso part of the entire 
4 stage everepate requires some pROaee of fairing, otherwise the high 


air resistance in the lower atmosphere igs likely to seriously impair the 


pehavior of the missile. This difficulty is proposed to be overcome by 
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firing the smalles stazse units with faired after bodies end the larger stage 
units with dumay heads. An estimate of the number of units to be built 

and the various ccembinations of the four stages proposed to be tested is 
ventured in the following tables in which capital letters indicate "live" 


propelled specimens, small letters unpowered dummy specimens. 


Grandmother | 8G bag 
Mother | 15 M 2m 
Daughter . 23 D | 7a 
Baby 23 B 2b 


A dummy specimen of each may have to be devoted to static tests. 


Number of flight tests 4 4 2 2° 3 


Combination | ; WDb MDB Gm GMd  GMDB 





The DB and MDb and esrecially the MDB tests will offer opportunities of 
carrying telemetering instrumentation aloft which should furnish some 

of the data needed in the final phase of the project. Incidentally, the 
MDB ageregate may have immediate apolications as a long range missile or 
weapon, The last item of the list, GNDB represents the firing of the final 
article from an equatorial location into the orbit. All preceding tests 
except, perhaps MOB are expected to be made on domestic proving grounds 

with suitably expanded range facilities. The magnitude of this construc-~ 


tion and test vrogram is of the order of about 100 V2's, on the basis of 


corresponding gross weight. 
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Facilities required. This progra is much rore in the nature of 
an exberiisental enterprise than a production Job. It is therefore in- 
perative thet Development, Design, Procurement, Logistics, and Testing 
be closely ecordinated so as to form a continuous loon, 

The engineering staff will comprise a large part of the personnel 
engaged in the project. It will consist cf aircraft and rocket power 
plant engineers, instrument and automatic control experts, and specialists 
in the sciences and arts of radio, radar, telemetry, trajectory survey, 
artillery and flight testing. 

‘The manufacturing facilities required will be in the nature of the 
experimental shcp of a large aircraft factory. As there will be little 
need for quantity production methods, tooling may be best devised by jig- 

ing and in many respects by improvisation and sdagtation. Provision for 
static tests of the structures and best provided at the manufacturing e 
plant; static firing tast facilities for the rocxet engines in existence 
and under construction will suffice to take care of baby, daugnter and 
mother stazes. A suitable test stand to run the grandmother motor would 
still have to be created. The mother end grandmother units are probably 
too big to be transperted to the flight test site in assembled condition. 
Provisions for part assembly shipment end reassembly at the test site 
will have to be meade for them. This will comprise elaborate cranes, and 
seaffold there. 

The cperation of the baby and daughter can presumably be handled at 


an existing ordnance test range such as White Sands, N.i. with facilities 
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now available thera. Apparatus necessary to hardle the mother stage 

which is about as big as two V2's can untoubtedly be developed in stride. 
When it cosies to Grandmother which are of tne order of 10 y2's each as far as 
weight and fuel is concerned, a new vorebierm wiil antes and the question of 
whether this phase of the program should ba considered at an inland firing 
range or located elsewhere, be it at the seashore or at the equatorial or- 
bit emplacement site remains to be Saves eave: 

Shop and field facilities fcr local erection, assembly, nae aquip- 
ment testing, and observation may have to be largely duplicated at ‘the 
equatorial site. The delivery and storage of fuel and liquid oxygen 
the equatoriul site may becoma sizable enterprise. It may wind up with 
the establishment of a local oxygen liquefaction plant either land based 
at the site or shipborne on one of the veesels wnich will have to be as- 
signed to the entire vroject. 

Since the ener mental orbit missile emplecement will have to be chosen 
within 1 or 2 degrees of fatieude, only tae following locations are gao- 


graphically eligible: Ecusdor, it.d. Coast of Brazil around the Amazon 





delta, French African Congo Coast; Kenya Colony in Central East Africa; 
Straight Settlexents ani Singapore, Borneo, Colebes, and finally any of 
the numerous equatorial Pacific islands tetween Halmrahera ani Howland or 
Baker. Of these Ecuador and Kenya offer possibilities of accessible moun- 
tain sites. Politicaily, However: 4t woiuid be edatepenie to stay in 


“ 


American controlled territory. For reasons of radio altimetry a site 





near an East coast is desirable. Islanis for several hundred miles east 
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of the emplacement site are desirable as fixed observation stations. most — 


of there consiceratisns point to the archipelego north of New Guinesw as 


RES EEE ee reuse 5 


the logical regia:in which to lcok for islands on which utilizable war 


=: 


q 
-~ 


installations may be available. Adequate living facilities for the staffs 


te 


ani crews will hava to be found or provided ct the emplacement site. Rapid 
communication and transportation facilities tatween the site and the project 
headquarters will be a necessity. For the orbital observation and tele- 


metering some 20 to 50 stations may have to te installed or positioned in 





a balt around the euator, across the Pacifie Ocean, Ecusdor, Brazil, At- 


Ee EO A Eee Pen: 


lantic Ocean, French Congo, Kenya, Indian Ceesn and Malava. All these sta- 
’ Bo» yay 
tions may heve to be linked with each other ani/or a central director sta- 


tion by a rapid communication system if continuous tracking ani telemeter- 


ing of the satellite nissile is to be maintained, and particularly if its 


return to earth is to te guided. 
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(a); all devolomeent, enctincerin:, and fabrieution on 


tne basic volicle 1° cuentition cutlined im the 


‘ section Frosgran for Buildin: and Testinu, esti- 

; mated in accordance with standard vractiees in 

? 

the airernft industry 6 6. 6 ee ee ee ew ee 50,000,000 


: | (b}) All develovnent, envineerinz, and construction 


t on the follo.iing itens, arbitrarily ussunins 
: to be ecunl to the work done unger (2) above: 
: nOler plant, orovellant nurses, turbines, 

pF ‘i 


CORUHOLGS S568 eo te Oe ae & a ee eS 50,000,000 
(c) All develonuert, enrineering, ard coustruction 
on the following items; instrumentation (ray- 
loud), establishment of special launching facil- 
itics, transportation and unalysis of test data 


; Qesuried GO Costs 4. o.5-% ws So oe Bare a a ba 50,060,000 








; Total Cost. Of Frojecté- + «4 # = wi5G,Cl9 ,OCO 
It snould be einphasized that this estinste is very rouch, wa 


hurriedly prepared and is without benefit of any exvnerience or act- 


a 


Ea | i! 


uarial racorus in tunis new field. 1+ is nossivle tix.t une to tha 
Larse volume of fuel tuncs in this veiicle os conpared to standurd 
aircruft, this cost estimate is conservative; however, the unknov 
difficulties wiich arise in any new field of endeavor »ould incicste 


the need of a conservative estimate. One of the important pluses of 
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At present sufficient oack, sround axiets to gllow preliminary aeai5a 


studies to bezin whenever s decision to proce ead is reached. However, 4 


vyizorous research proyian mist also be started at once because many data 


‘ 
7 . 
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nave to be establistied aad estimates verified or improved in orier bo 


ayoid unnecessary sacrifices of per:ornance. This research pro3ran ‘tir 
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: te divided into several Dranches ol science: 


Tneory of Stractural Sal urgerent The engineering steps wnaich lead 


\ 


from established mrotobyne structures to -reatly enlarzed units are based 


on certain mechanien) concepts of critical desicn requirements for various 


“a | parts that perform del Pinibe functions. Yowrver, no part can ve iceall; 


dasizned for just one funetion alone; ee overleo. in order ee tale 


full advantasze of past excericnee 1 it wilt be necessary to undertike a 


Lf 


careful analysis and weitht oreaddown of asatiay past and press snbiy pro- 


jects, in order tO ascor 


ps 


sressing hizn altitu.te or long ranze missile pro 


tain just eactly to whas veecifications their essential parts are de- 
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of the lerve fuel and oxyren tank, 4 saris investization into the morits 


of competiny tarts designs is indiezted. ‘Since practical nanufectursnis 
nsulating, plumbin’ and other technicrl considerations enter into tac. 
problem, resoarcd will have to go nand in finad with design cars ris avoiving 


the most advantaveous compromise between Sie yarious conilietin: require- 


ed 


ments. Special sethods say have to be develomd to test specimen struc= 


toras under simulated acceleration loads. 


Staze Separation - leans to separate smoothly une subsequent sta 5 : 
units waen the booster unit fuel is exhausted, will have ‘to be developed 


on the basis of extensive research into the vs rious techniques previously | 


tried and proposed, or yet to be evolved. ‘These studies mag incluie ex- 
perimental work with reduced and full size dunmy missiles prior to sppsi~ 


Problens of accurate timing and 


vow, and roll 3isturbances gf the boosted unit 


of minimizing the pitch, yaw, 


will have to be solved. Inter-staze communication ox automatic revulation 


and cosnnnd sinngis and ita harmless discontinuation upon stave seraraciion 


Will alse require research, develonment and experimen ALLONe : | : 
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: Rocket Fuels ~ Me reasons for choosin: Lijuid (qysen and Alcohol 

: . ae . &. ; 

3 as the nronellants have been explained in Chapter G. Tisre are, hovever, 
several obher propellant corbinations waich have e hisner specific inmulse. 


# | 
| ‘An extensive researen projyram should be initiated to sain information on 


motor desinn criteria, storage and nandlin.s: orob Lens and the problem of 


‘ lozistics of such fiels. Several pronellant coctbinations which warrant 


immediate consideration are ~ 


i a (1) Liguid icdrovten € end Liquid. Oxy ten 


| (2) dudeaeine and Lisadd Oxysen 

a | (3) wethylamine and Liquid Osr7en 

(4) Ligaid Asuonia and Lignid Oxy6en 

: ; (5) Hedroboron and Liguid Osa e 
(6) “Stbron ‘thanes (as a monofuel) 

i jeby siguces & these after an intensive resasrch pra cred uly suv tually prove 


‘ superior to th e Ligvic xy sen-Alcovol eommination “fen GLL asp.ciG ust | 


i teepnical amplications 1.9r¢ 
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proyanents in fet ans coolin | 4, @odsisbion ehauver gnane, nog acl 
material 8, ienition, und pressure control. Pike researcn is ox: Eved vo 
lead to reduction of rel ht and eo relinbility, perfor: once 

: and efficiency of ~shors. Tocket motors “re ugiaglly tested in bess eLos 

| 3 equivped with elaborate reboratory ingireentation nnd sarecy eae oor 
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4  «§ifes necessary to feed the larger staves, nee probleas arise with tae 
% introduction of pamn control for trast tarottling. ‘the panp will be | 
: called upon to operate neur peal: afficiensy from Pu 1} specd down bo about 
& two-thirds sceed. How be st to secomplics tig will linve to be determised | 
, 0C“‘<‘éjS YY esearch. No extensive rese erch into plunbins is Limediately reguired, : 
provided existing standard fuels are used. ‘lowever, if some new fae) is 
contemplated, efiect on requirement s for insulation, line sixes, i 
pumps, etC., mist he investicated. . : , 
. Test Stands ~ The size and eost of the vehicle would preclude the a 
Firiug of test rounis b afree eee ae vehicle for the mere purpo ge ot 
4 testing operational Peabures. dene tore , gach stave will have to - 
: ‘fired in a vertical test stand for proot testing. + test stand suitable | 
to test ran the motuer and De ritealarly ghe crandsother units sill se : 
: considerably biqser than the German tet best. stand. Its flame deflection ; 


= amd cooling reqauirersnts ill be ssvere. Tuc Jeyelorment of such atest 9 ff 
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Problems in Uas petits ~ A vehicle of the type discussed in this. 

: report will hive to travel through air va rying in density froi sea level 

P values of .0024 slu ze per cubic foot Lo those of the order of 10° , 

200 miles altitude, the atmospheric conditions: encountered thus vary from 

: the standard sea-level values bo those of an auareuely rarefied sas.” the - 


physical phenomena, consequently, Vary considerably, aad so, of course, 
do the methods of evaluation. It is conventens to dasteneue sh the regions 
‘encountered by the ratio of the characteristic length parameter of the 
body to the mean free path of tne gas molecules. it is also convenient 
ite) introduce, in addition to some. saivaie dimension es of the vehicle, 
another aon ath, the Bonney layer Seness df which in terms ‘of the 
velocity v and the eivonat: e viseoslty Vis noe to A by | ~~ 2 . 
Sin oe 2 +e 


The. quantity VY $3 found Pik. elementary kinetics of gases as 


_ aoe a, |  @ 





where c is oe mean molecular velocity and /L the mean free path. Follow. ; 
ing Tslex D ve may now innediately indicate rezimes of flow by comparing 7 : 
with N arid PA ‘j Sc | | : 
(a) A << d | 
o) A~ d | 
(c) 4 <AK<L : 
(aq) A >>d 

(1) oa, | a 
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the four rezions in terns of “fach number. M, and Eeynolds number, R, where 


where a denotes the velocity of sound. Then from equations (1) and (2) 


it follows that 


and boundary layer thickness, or by the ‘tach number sa tne manele number. 
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region (a) is the réala of aerodynamics, eee me sense. (b) is 
the region in waich slip phonomena occur in the velocity distribution near 
2 boundary. ‘Temperature discontinuities also occur at ts wails =e zion 
(ce) is the least understood case since incttent revion deviations fron the 
eemtitinn veloctty distribution play a larga part. (d) is sometimes called 
the "Knadsen" region in which pure gas-kinetic methods acply. 


Speaking in more aerodynamical berias, it is } possible to distinguish 


R= =e : and 
uw 
M= Ey 


a. 


PS, 


x [Pod 


|| ~ 


and we tierefore have 


es. 
(Ro a (3) 
A given problem, therefore, céin be characterized by tne ean free path 


mow, 


a 
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For example, orbital conditions at. 100 miles altitude correspond to x wt 
x, nett — 
and R -~ 60. tenes, Ad ~ - and thus the problen is in the slip 


rézione 


The research problems encountered ‘in these various realng area briefly 
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in wind tunnels, both supersonic and hypersonic, bub wild ; 


many tools of modern experimental pnysics. ‘ine molecular vean mebniods, 


for example, will be one or tne required tools. it is clear that in man; 
> a 


cases the research has to oe > analytical and nob experizcrtal. in low speed 


aerodynamical research tne method of model teste sinilating ectual flat 


conditions is extensively ased. ‘inis bype of best pscones exceedinsLy 


difficult and in fact irpossible for vehicles tr avelling at vreab speeds. 
This is most easily seen in the following exauple. tne ratio a stag- 


pavenvias 


at a Mach number If is 
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in free flight, on tue other hand, tne 2 


and the temperature T, a 21 T is vroduced by compression jue be bie fast 
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Asrolopy ~ nena of the properties of the upper atmosphere above 


ee 


the stratosphere is expected to ve greatly advanced during the present 


ae rar eee 


~ 


year ag the V-2 firing program and the Hernes, Buahioboe, WAC and Nike 


projects progress. Arrangements will have to be nude to couperate with 


these proprans cowards seereine sone of tae nost peek serological 
dake at ean early stage. The factors of prinary interest are: air 
temperature, atmospheric composition jonization, radiation and wind. As 
the satellite project itself develops, it will gradually furnish its own 


means of pushing exploration into the realm of higher altitude and speeds 


to determine the laws which govern the behavior of moving bodies there. 


rare, — 
at tsky? Pe kt 


Some of the incomplete missile agrefates, notably the nother ~ daughter ~ 


baby stage test rounds when fired on ballestic trajectories over hundreds @ 


"7: ee 


ol tote 


or a few thousand niles range should furnish excellent opportuni ties of 


penetrating these virgin regions. Suitable instrunentation with which 


these and other test missiles can be equipped should be developed as the 


project gets. under WEY » 


Jet Contro 1 Rudders.= The jet rudders for cuntrol of this vehicle 








while under ee presents a najor problem in that they wi Ll be pedenge 
to stay in the jet about four tines longer than any that have been Seer 


to date. The natural Graphite vanes on the German V-2 lasted about 30 


seconds before erosion rendered then useless for control. It therefore 


will be necessary to enter into a research progran to determine what 


material or conbination of materials will be able to withstand ths 


high pas velocities of the hot jet sufficiently lone A passable solution § 


may be in the almost unexplored powdered netals and sintered cerunicse ; 


ae 


Another approach nuy be to have a number of vanes set at a given angi 


s ged 
» mS 


to the jet exhuust and as control ia required the vanes feed into the jet. 
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As the vanes erode away the control would feed more und nore of the vanes 


wi nae. ae ee a 


into the jet. The solution of the problem lies at the end of a research 


progran,. 


Servo System - A considerable anount of research will have to be di- 





— 





ee 


‘rected towards the developnens of a suitable servo notor systen to actuate 
the jet vane. For instance, the relative nerits of electric, pneundtio, 
hydraulio systems have to be ieteght esd for each stage. Means to 
balance the vanes in order to keep their torque and power demands in 
a | bounds will have to be studied. 
: 7 | The control of the servo motors by neans of an automatic program 


pilot systen, its stability and freedon fron undesirable hunting will cone 


i oor in for extensive research ant developnent. It will require gyroscopio and § 


ay fee 


q posdietoments response elenents which ‘thengelves will have to be specialls§ 
developed even though their fundamental principles nave already been 2 
successful in the V~2 missile. To these will oS ace radio altineter, 

; the development of which will constitute a progran berinning with research 
into the speoial functional requirement of such a device, when working at 


unprecedented altitudes and flight speeds and furnishing input gijmals to 


A ee 


an autonatio. control regulator. 
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Guide Beam and Cormand Svster.- Inasmuch as it is anticipated that 








provision will have to be made to signal corrective guide commands to the 
missile to ensure its precise entry into the desired orbit,a good deal 
of research and experinentation with various competing guide = and 
C4 guide command systems must be instituted in. order to evolve a satisfactory § 
| techni que for the satellite. Antenna s:stems will have to be develoned 


~~: 4 > . . _ + a] 2 > ‘ ‘a a < ~~ e 
for the satellite nissilo in all ivs stares. Research will be dchlrectad 
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: towards determining the most suitable wave lengths fer cormunication with t 
the nissile und towards developing suitable tubes for then, if none are 
avuilable. Eres D aE y trinls of proposed jround {nstallations, as well 
as air borne. radio altineters, cormund receivers and transponders, should 
be. aEnenaee in oor junetion with other missile firing projects in Sree tay, I 
and subsequently, with tést missiles specially adapted for this purpose. 
During the later stages such tests can undoubtedly be conbined with 
flight tesss of the daughter stages of the sa sellite project: itsel? . the 
command eaten eventually charged with bringing the missile back %<o eurta | 
: will alse cons vi tute an object for research and developnent. The electric : 
' | i 
: power supply for the missile borne Blocuny’ equipment will nlso have to | q 
ie be developed’ to suit the wiuisual cond: tions “prevailing on the orbit ‘in 
an environnent without air und gravity. | | 
;  Sdinulator.- In pecs to ensure thas the complex regulator loop systen : 
will work snoothly and without undesirable hunting it seens imperative thet} 
: : a so-called sirulator be built and operated over numerous test. runse Such 
‘simulators have ass theriselves invaluable in conjunotion with many 
apeseea. viz foc, Azon, Riaiblebee, Hernes, qLke,: V-2, PX, Henschel, etc. 
: ‘The deve lopnent of un electrioul simulator for the satellite missile can 
: be urdertalzen in sach a rianner es Lt cun be qui: okly adanted to represens 
: nany varieties of senerel systens vith dif fferent response characteristics, ; 
lags, coordination, overrides.ote. The representation will include the 
automatic control fanotions as well soe bean commas when superimposed J 
a . and Lt vpriill be made to tuke i of cue gradual ehanzes of missile weight, 
a | rionent of inertia, nerodiiustic reactions, ASG ate. during exch 
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being considered for control of the missile'ts id or orientation with § 
respect to its Plight path, will require research and development to onsure f 
that ‘they function as desired under the Deg nee environment of the satellitf 


and that their control is sufficiently Poveiuie. Sianter a 


4 


may also be helpful here. 


Telenetry, Trajectory Survey and Communication. - Telemetry fron 
guided missile to ground stations is still in it infancy. Great strides 
towards its realization are expected to be made as the presently active 
projects, notably the V-2 progran, Hermes, Biuiblebee, etc., propress. Clos 


coordination with these activities will be mandatory. Luter on, special 


firing of gome missiles for the benefit of the perfection of satellite 


telenetering systems may be indicated. The sane is true of the evolution 


of trajectory survey by photo and ki ne-theodolite and radar tracking gear. 
Eventually the entire cormunication system, which will be required in the 
actual satellite operation, will have to be developed, tried out and 
practiced. The developnent of the instrumentation for the "payload" will 
require specialized research along the lines of the various branches of 
soience to which the data to be neasured belong, oeabine neteorolorical 
instrunents, cosmic ray and ionization measurenents, terperature ancl 


pressure measurements, radiation measurenents, spectroscopy, photography, 


television, oto. 





Digest of Existing Literaturo. - The scientists of many nations have 
written more or ie technical or speculative articles on many objects per=§ 
tinent to the satellite project. German scientists and engineers, in 
particular, have produced nunerous iSueRtan cayenne almost every phase of 


their research and development work in conjunction with their missile pro- 
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art. These reports are physically available in wie country. They are, 


however, scattered between several ageroies (Army Air Forces, Arny 


Ordnance, Navy Buder; Navy Ordnance and various. other institutes.) Tney 


are in the process of being indexed, screened, abstracted and ri orofilmed. 


Sone few have been translated. Translations are being made by specialists 
soattered throughout the nae onanae palaxy of activities in the field 
of guided missiles. One of the urgent tasks of the research agency of the 
satellite Savdeet would be to scan this wealth of literature, gather copies} 


of translations of significant reports now available or in progress, obtal 


* 


miorofilma of others and organize the translations of those that have an 

ia { 4 immediate bearing on the yet unsolved or uncertain problens of the satellity 
project. In sone instances it may be possible to secure from the 

military authorities the assistance of German authors or specialists to ar 

ee the jobs of ee ree or abstracting the naterial. — : 

interrogations ~ In many instances discrepancies or oonflicts appear § 


in the literature between data, computations, theories and objectives. of 


‘ some phase or other of the German activities. Ad hoe questioning of German 


personnel held available in this country has already done much to clarify 


some of the problens involved. Even though these, people have been interro 


gated nany tines it seems that as the digest of the literature and the transi 


cript progresses and broadens, new questions arise continuously. It is 


therefore believed advisable to comprise in the research aotivities of the : 


satellite project some set-up whereby discussions of such new questions 





( mm can be quickly arranged between the German versonnel and the Anericun 
specialists on the problems. , er Pryromemeey yg 
sees UE hae 
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ee various headings before, part of the necessary research activity 
will comprise olose coordination with other: high altitude and long range 
a 7 missile projects now actively being pressed | forward in this country, dec ~ § 
if possible ~ abroad. : 
Continuity - Some of the research problems are of a fundanental nature f 
and have a vesring on the first moves of the design staff. These will navel 
to be tackled immediately. Others ure directed towards eouerte needed av 


various later steges of the program. These can be scheduled consooutively 
A certain anount of overlap and continui ty of research and developuent willf 


therefore become necessary. Actually research and developnent will have tof 


be continued to the very end of the project, the actual firing and naviga- 
tion of the satellite missile is more & research task than a production 


jobs 
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Chapter 17 





17. COICLUSICY 2 eee 


In the preceding chapters, we have critically oxonined the possibility 
of designing a man-mads satellite. Thia exatinezion has been made within 
the strict limits of practical engineering analysie. We have found that i 
modern technology has advanced to a point where it now appears feasible t 


to undertake the design of such 4 satellite. 
The magnitude of the task of esteblishing the first satellite vehicle 


in ite orbit ig impressively large. However, our analysis bas shown that 


TA EAS 


as experience ia gained in tails new field, the reduction in the magnitude 


Peers Pact 


of the task will be equally impressive. 
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* In evultuting the verformence of a very high altitude vehicle, 
: such as that described in this report, it Lecomes necessary to have 
3 values for the snysicul eee jes of the upper atmosphere ut ex- 
: tremely high altitudes, which heretofore were of Little interest to 
: 
: the aeronautical erzineer. Conditions in these nigh altitude regions 
& ; 
3 have received some attention, both theorstical und experinental, in 
the past 20 or 25 yeurs by u relatively simll nuaoer of investic ators. 
; However, the presant Knowledge of tne puysical stute of the upper 
é atmosphere is far from complete, ene as will become apparent in the 
: course of the discussion, at the hich levels there is cuite sone dif- 
; ferences of opinion as to what the conditions ure; at still higher 
“ levels tnere ure practically no data or ovinions available at all. 
é In short, the imovled:e of the atmosphere beco..es more and more un-= 
. 
i certain ‘ind speculative with increagin: altitude. Tie Lnowledze 
i which is available concerning; the uoner atmosnhere is based sesential- 
_ ly on the results of observations of meteors, tne srectrun and neigsht 
of the eurora, tile be navior of radio suves, tic ansmalous propera~ 
| 
: tion of Sound, and the Llonization of the atmosphere by solur radia~ 
H tion. 
: In general, sorers in the field appear to be in Tair cpreenent 
3 as to the at: ospheric properties from sea level up te 60 miles alti- 
ft tude. Above this 3ititude tia hnowleé:-5 and asreenent is much Less 
: definite. It shovld be mentioned ut this point that since all of 
: 
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the yvya.ies Given 16 Che Liter acure. se Sa oeUd: OF TES sO Cra Cy o Ua, 
bon neruture in a SLI: Se oie Be WSS VG: Wt) be -Gueted 
here will te in taercs of tre aie orctes. For tim con veniencos of 
the reader, tubles 4 und 5 for convertiay values of te:.perature and 
aititude “to the onvlisi systen, OR and ft., are fiven at the end of 
ths text. The velues finally udopteu to represent tne utmospnere 
will be sresentea in the en:ineerin:; systen of units. 

Since the pressure at any altitide depends on tue vertical dis- 
tribution of temperature, and Lince tLe donsity dspends on both temp- 
erature and pressure, it is evident Soa. anand of the ba eeoremie.. 
procerties, the temperature is tne most fundamental and important one 
to be considered. The discussion «hich follows is undertaken with 
this point in mind. 

Por tie purpose of discussion, the atmosphere is usually divide 
ed inte three main regions. The utmospasre from sea level to about 
10 kn. is referred to us the Lropospnere and that fron 10 km. to 20. 
km. aS the stratospnere. The region zbdove <C kn., extendin,: outward. 
to interplunstary Space (or nhovever far outward the atnogphnere my be 
considered to extend) is referred to us the unner atmosphere. As 


. ete ci Midna. dead 
pointed out by Penndorf ) measurements of auroral hei:nts indicate 


the presence of atmosrhere up to heignts of l0co-1200 kn. The avera ve 





(1) Penndorf, h.: Die Guse.cnsetzun; der Lurt in der sohen atmos- 
phare. <“eteorolosiscia seitec.rift, vol. 95; 
p- 30, 1933. 
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a conditions in the trovogyhure and ctriutocphere are well Enown and : 
& . 
: E 
: fori the basis for the Stundard utuospiere used in usronautics, as : 
¢ given by picn'??, * 
4 The atmosphere above about SO ka. is stronzly ionized and hence ‘| 
z & 
3 this region of the upper atmmosthere fron $0 kn. outward is known as i 
; the ionosphere. The ionosphere is of fundamentul importunce in radio- : 
3 wave propavation since it is oin, to the reflection of theses waves ; 
f by the ionosplere that long distance radio communication is possible. : 
xe py 
Fa i] ’ : 
i It seens to be osteblished that the ionization, and therefore the 
: conductivity of the ionosphore, is caused by the ultra-violet solar ; 
& F radiation. ‘ishether the particles responsible for the conductivity : 
5 ? 
a: are ions or electrons has not been devinitely established, especial- i 
: ly for the lower levels of the lonosniere. A survey of the facts 
: and theories of the ionosphere has been -iven by cee. 
: The ionosphere itself is divided into three main regions or 2 
(4) | | 
‘ layers. <Accordix; to Berkner the lower of these regions known as . 
; ; 
% ; 
: (2) Diehl, .«..S.: Stardurd atmosphere - Tables und Datae UaCa 4 
: Technical Fenort “o. ell; 1925 ond 1940. 
‘ (3) Mimno, U.R.: The Physics of Tie Ionosnnere, Reviews of 
iiodern Fhysics, vol. 9, Noe 1; dJan., 1957. 
: (4) Berkner,L.Vi: Physics of The Earth - VIII, verrestrial 
; Khacnetism and Electricity, “ucGraw-ill; 
pe 451, 1959- 
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the Z-recion is mederm.ceiy ionized uni ia situated in the vicinity 


Of the 10C te dovels “le Mext- bi tacr tuyer,. the Hyctecion, is more 


stroncsly ionized ond ie situated at about <10 kx. otill higher and 


Still wore: stron tly i0nized is. tne BW ~luyer at about 390 km. ost 


of ths vresent knowledv:e of the upper utmospnere is based on the 


study of these three regions plus some fivures whieh have been de- 


duced fro... meteor ctudies, the nrofpasation of sound, and the spectrum 


of tie aurora. 


Since the ain of this study is to arrive at worsin, values for 


a g0-called standard uncer atmosphere, the various date which are 





available, either exserinental or theoretical, u.ill be presented and 


from themuiut appear to be the most reasonable deductions will serve 





as a basic for the final values to be udopted for use in the study of 


” 


the pverformaunce of the satellite vehicle. | |  &£ 
yy 


c 
eveonbena’>: has recently given values for tie atmosphere fron 


se; level to 160 koe ‘hese ure presarted nere in Yadle 1, which has 


/ 


been copied from the paper by Gutenberz, 


(5) Gutenberg, B.: ‘ho Fnysical Propariics, Pressure, Texperature 
and Composition or the Uppex Atmosphere. 
Acronauticol Syorogius st the California Institute 


of Technology; Merch 1946, 
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Eulpert, iets investigator in problems of the upper atmosphere, 


adopts the temperature distribution shown in Table a =e a the 


s: “ 7 Beets, 
atmosphere up to 220 kn. ft. ii 


tats . - ae 
eat aS ok ae he 


Table 2 
Tesmereture of the Day Atmosphere 
(According to Hulbert, Ref. 6) 


Altitude, kn. Oo 1 20 30 ko 60 80 100 200 220 
Tempera ture, ve 287 220 225 230 2ho 260 320 360 360 360 


(7) 


Fig. 1 copied frcm a paper by Martyn and Pulley’ ‘also gives informa 


tion, actual and inferential, concerning the average vertical temperature 





distribution. Above 100 lan, it will be noticed that the temperature 

| distribution has been extrapolated up to 300 km. as shown by the broken 
lines. | 

Fig. 2, copied from the paper by Penndorf, lec.cit. ‘an squally 

reliable investigator, givea a somewhat different curve for the probable 
vertical tamperature distribution above 100 lan. The fact that Goetz?) | 
another well know worker in the field, nese Penndorf'e curve may perhaps 
lend added weight to the values show jin Fig. 2. it will be noticed: that 
the coyposition of the atmosphere, according to Penndorf, is indicated 


by the curve on the loft hand side of Fig. 2. 





(6) Hulbert, E.0.: ri os of Tre Earth - VIII, Terrestrial Magnetiawum 
& Electricity, MoGrew E111; p.493, 1939. 
(7) Mertyn, D.F. end } Pulley, 0.0.3; tha Yemmeratures and Conetituents of 
the Upper Atmoophers, Proo. E¢Cy.Boo., ALS‘; p.48e,19%6 
(8) Gootz, F.W.P.: Ervotatene Dey bosmischon Frysik-Eord Il - — 
Der fisoeriuire Ledraig, Abad. Verloc., p.314,1G% 
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Fig. 1 ‘Verperature Dietribution in the Upper Atmoephere According to 
Martyn and Pulley (Ref. 7). 
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The data presented thus far in Tables 1 and © and in Figs. 1 and ce, 


poendix A 


plus the standard atmosphers data of ref, 2 may safely be said to noaeeee 
the present gtate of knowledge concerning the vertical distribution of th 
temperature of atmosphere up to altitudes of about 300 km, It is worth 
noting that none of the data extend beyond this level. Thus there is a 
relatively large region extending from 300 km. up to 1200 km. end higher 
in which, although it comprises only a emall part of the atmospheric mass 
the temperature oonditions ave more or less unimown. 

That there is not even complete agreement in the region fram 60 to 
300 km, is immediately evident from a comparison of Table 1, Table 2, 
Fig. 1 and Fig. 2. 

The data presented here, plus the resulte of other investigators | 
which ney be used to throw additional light on the problem, will now he 
used in order to arrive at the some final and definite values of the 
probable average vertical temperature distribution which may be adopted — 
to represent a standerd upper atmosphere. 

Fram sea level up to 20 im. the atmospheric temperature has been 
determined by a great many direct measurements (sounding balloons) ana 
the averags conditions are well represented up to 65,000 ft. by the | 
values given — Diehl (loc. cit.) for the NACA stendard atmosphere. 

Owing to the universal acceptanse and widespread use of the NACA standard 
atmosphere, it will bo edopted as a representation of the atmosphere up 
to 65,000 ft. 

Above the stratosphere, ell of the date except that of Hulburt 


@ indicate a maximum in the temperature curve at 60-60 kn. Tho 
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existence of this maximum is fairly well established by the work of 
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(9) (10) 
F, J. W. Whipole and Duckert on the anomalous propagation cf sound, the 


(11) (22) 
work of Gowan and Dobscri cm ozone, ty the more recent investigation of 


6S) ae 
F. L. Whipple based on meteor observations, and also in 4 recent paper 


by oe, The texperatures at 560-60 kn. given by Gutenberg eaeree essen- 
| tielly with tho most recent reeulte cr F. L. Whipple and Gowen ard thess 
values will be adopted. The eae at thie level ; given in Fig. 1 
appeer to ke too high. 
There {3s some evidence for a temperature minimum at about the 
: 80 km. level but the value ate in Fig. 1 appears much too low, ses 
F. L. Whipple, ref. 13 and aa, end we agsin adopt the more conserva- 


tive value given by Gutenterg which agress with that shoes by Benatone, 





) F. J. W. Whipple: Quart. Jour. Roy. Mst. Scc. Vol. 60; p. 80, en 

) Tr: oe P.: Gorlandés Beitrag aur Qoophysik, Supplement 1, yp. 280, 
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Dereon, GM. £.: Proc. Roy. Los., Vol. aleyv; p. 411, 1940. 
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| Ne 3 Appendix A- 

Near and above the 100 kn. level another rise in temperature 
4s required by the results of the etudies of the auroral spectrum by 
VYegara(t>) and Rosseland and Steensho1t (15) which give a temperature 
about the seme as that of Hulbert end which is about midway between the 
values given ty Martyn and Pulley end that given by Gutenberg. We 
therefore adopt the value in Table 2 at the 100 Inn, level. 

Above 100 los. the variation of temmerature becomes much lesa 
definite altheugh it is generally agreed that high temperatures mast 
exist in the Fo-region at 250 or 300 kan. Godfrey end Price 27) have 
shown, on the basig of radiation equilibruin, that the highest possible 
equilibrium day-time. temperature in the Fo-region is about 3300°K, 
and that the actual equilibrium temperature may have any value betwean 
this figure end 230°K. However, these euthors have shown that the 
existence of high temperatures of the order of 1000°x or wore if a 
necessary consequences of the presence of spare lable oxygen at these 
levels. 

Martyn end Pulley, loc. cit., also agree that the temperature of the 
F-region must be of the order of 1000°K, and Martyn (ref. isa) more 
recently statea that the high temperatures orlginally found to exiat in 
the Fo-region as a result of electrcn collision frequency measurenentas 
ia confirmed by Fuchs and by Appleton from measurements of the thickness 
of ‘this region, The weight of evidence in favor of high temperatures in 


the Fo-region 1s very considerable. 





(15) Vegerd, L.: Geophysiske Pub. Oslo, No. 9, 1932 

(16) Rosseland, S and Stesnsholt, G.: Univ. Obs. Oslo; Publ. No.7, 1933 

(lua) Mertyn, D.F.: The lnesr Atnosshere. Quart. Jour. Roy. Het. Goo. 
vol. 65; p. BED, 1939 

(17) Godfruy, G3. and Price, W.L.: Proa. Roy Ses., vol, Al63; 0. 237, 
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of 70°C at iCCOkm. which is quoted by Rosse lang(28) 


WERE TSs 


Apponeixz af 
Although there is general agreement on tne existence of high temper 


turer at around 4300 km. there is certainly nothing which definitely 
fixes the shape of the temperature curve between 100 and 300km.. On the 
one hand we have the extrepolated curve of Martyn exiPulley, Fig. 1, 
which indicates repidly increasing temperature starting at GOkm. and 
continuing to @ maximm at around 300kn. On the other hend there is ti 
curve of Penndorf showing Menace an iepthaieal condition fran 

100 to 200km. and then a very rapid increase in the Fo-region above 
200kn. As far as the computation of pressure and density is concerned, 
these two curves would lead is considerably different results. The 

use of Penndorfa curve would lead to low values of pressure and density 
at high altitudes, while the use of the curve of Martyn aniPulley would 
lead to relatively high values for these qualities. 

Thug, elthough Figs. 1 and 2 are in agreement as to the value of 
the high temperature at 300km., they represent the two ayicast by which 
this temperature is reeched starting from 1LOOkn. As a reasonable 
compromise for the probable temperature variation from 100 to 300kn., 
it has been decided to adopt a temperature variation in this region whick 
is an average of these two extremes. 

Atove 300 kn. there are hardly any dsta oidiek weula serve to extend 
the temperature curve to higher altitudes. We-do know that the 
thiciness of the total Feregion (comprising both the Fy and Fo-region) 
is estimated to be of the order of cOUm, thick (Martyn and Pulley, Los. 
oit. p.4é9) so that above the 300 km. level one might expect the 
temperatures to decrease fairly rapidly. Above this level, the only 


figure which has co me to the attention of the writer is a value 
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: Appendix fA 
This temperature is based on high aurearal Observations and wae computed 


on the assumption of thermal equilibrium. That thermal equilibrium dces 
not obtain unger the conditiass : existing at these altitudes is generally 
recognized. However, for leck of anything better, the value of 70°C 

at 1000 lan. will be adopted as giving gome indication, at least, of the 
probable order of magnitude. 

The final values adopted (as described above) -to represent the 
wertical destribution of temperatures in the upper atmosphere are 
indicated by the temperature curve presented in Fig. 3. 

fhe composition of the upper atmosphere will ncw be briefly 
considered. The compesition of the eir in the troposphere (sea 
level to 10-20km) as given by Pansth (19) 4, show by Table 3. 

From the Table it is seen that No and OQ, account for 99 percent 
of the composition, by volume, of the lower atmosphere. According to 
Penndorf (ref. 1, p. 31) end to Chapnren (21) the results of auroral 
spectroscopy indicate that even fran 100km to 1000km., oxygen and 
nitrogen are still the main constituents of the atmosphere. Same 
twenty years age, Chapman and Milne (2°) » it was thought that because 
of theix low molecular welghts, either hydrogen on neta mist be the 


Main coostituent in the high atmccpnere. However, it is now the 





(19) Paneth, F Act Compoaition of the Upper Atmoarhere - Direct Chenica. 
investigauilen. qusrt. Journ. Roy. Met. Sec., vol. 65; 
ED. 5C4-516, 10979 
(20) Chapman, S. & Milna, E,A.: The Composition Ionisation and Viscosit: 
of ths Aimosphsra ot Gres et Eeishts. Quer. Journ. Roy 
bart, Goer oy VOL bis} pe 379, M29 
(21) Chapman, S.: The Upper Atnmonnheres Quar. Journ. Roy Mot. Soo., 
Yol. 65; db + 204, 1939. 
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Appendix A 
concensus of opinion that the upper atmosphere ie a nitrogen-oxygen 
atmosphere, although the presence of hydrogen and helilun has not been 
absolutely digproved, see Lindenmann, p. 331 of ref. (21). It wilh 


be assumed here thet the upper atmosphere is a nitrogen-oxygen atmosphere 


TAERLE 3 


COMPOSITION OF TROPOSPHERIC ATR.APTER PAMETE, 


Gas Formula Yolure % Molecular Wt. Density 
| (O=16.000) (Air=1) 
Hitrogen Np 78.09 28 016 0.967 
Oxygen Q 20.95 32,000 1.105 
Argon ok 0.93 39 .9h 1.379 
Carbon Dioxide CQ, 0.03 Lh OO 1.529 
Neon Te 1.8.107° 20.183 0.695 
Heliun He 5.chx107" | b 002 0.138 
Xrypton Kr 1. loxlo7" 83.7 | 2 868 
Rydrogen Hy 5. 10x10"? 2.016 “0.0695 
Xenon x 8 tox10° 131.3 4 525 


Chapman, ref, 21; and also Penndor? » Fig. 2, agree that the 
molecular oxygen O> mist bagin to undergo disscaiation into atomic 
oxygen 0 beginning at 100-150km., and that cpaectenuias nitrogen Ro 
must undisrgo Cisscolation into atazic nitrogen at higher levels, 

in this report the following values will be aleopted for thea composition 


of the atmosrhare, 
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Arpendix A 








Altitude Range Campositian Roleculer Weight of ! 
Mixture | 

O+150EM 21% Oo and 78% Kip 28.7 | 

150-500kn. 12% 0 and 884 No 26.5 

500 lm. and higher 10% 0 and 90% N | 14,2 


Eaving adopted the temperature distribution shown in Fig. 3 
to reprosent the probable average conditions in the upper atmosphere, 


the corresponding pressures are determined by use of the hypsometric 





equation (aee Eumphreys ("=") or Diehl, ref.2), which is used here in 
the form 
th ho-h 
: f 4 Lb 
102, 5 PL=10g, 5 P, ~- 0,000281 m i+ mene warmer » > (1) 
R T &q sk we 
where h, = altitude of lowor level, ft. | / “ 


hp = altitude of upper level, ft. 


, ib 
Py == presaure at the lover level, sar te 


Pp = pressure at the upper level, to. 
. BQ e ft. 


R 


it 


radius of tha earth = 20 .8gx10° ft. 


EB 
{! 


molecular weight of the etmosphore. 
T= the harmonic mean temperature in °R of the atmMospueric 
layer of thicimesa hip-h,. 
# 
If the atmospherio layer from h, to hp ia divided into nm equal par 


or intorvals the harmonic mean temperature f,, is defined by 
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where T, ig the averege temperature in the ne interval. Tkus to 


derive the vertical destribution of pressure, it is first necessary to 
have the temperature distribution ourve, Fig. 3, Starting at sone 
arbitrary level h, where the pressure p; is known, the pressure Pp at 
some higher level hp is computed according to eq.(1). By dividing the 
atmosphere into a number of such luyers the variation. of the pressure 
ein Rae studs is obtained. Since the HACA standard atmosphere was 
adopted herdto represent the lower part of the atmosphere up to 65,000 it 
thie altitude served as the sterting point of the preseure calculations. 
Knowing the preasure end temperature, the density is computed from 


the equation of state. 





p= | “BRE ’ (3) 
where Pid — density, slugs 
ct rt. 
Dp — £ pressure, its 
8G olts 


T = £=Temperature, oR 


R.— wnivergal gas constent= 1545 lb-ft . 
Tb-nole OF 
&. —= standard value for the ecceleration of 
gravity 2. 32.17 ° ft = (Conatent) 
eec zs 
m mm molecular weight of the atmosphore. 
Using this system of wits, the cyuation: for computing the 


density io written. 


on ; , (4) 


Pr er oe 
. +: 4? Pa ae : a 
oo 








IHR. &.a5} 








PREPARED BY: elec Uinwingor .- LAW LAS PRP POUL ELAN Bo Ne NUAIVIFT PAIN Eg Rie 


; } MIVA RE 
oara:_.__ May 2, 19h6 ..W _. _ »~ABAETA MOBTCA 0 UPLANT Ge monet: 37 1034. 









be ete SCT Os he BN ar a AM TET T VT De a a eee ee ee Re REPORT NO. EV 
TITLE: oe of Rist, pS Eres hog - Dee Ges 928 SAG rE. neta Wk de a * J 
Ts hae ; ez 

t. oe ee ge A, as 4g a : ae ee as 2 x 





The adopted temperatures, from Fig. 3, anithe corresponding 


pressures and densities, computed as described above, are tabulated 


in Table. 3. 
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In order to simplify the estim:.tion of the drag coefficient for the 
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conicel ‘in Siwpe. Utinee dreg, in almost all ceses, 18 se second order 





effect, such en essumption is not out of order. The helf cone angle, 0, 
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was texen to be 0.3 redians. Cther values of 6 however, were eventually 
chosen for the more finel designs. 


At subsonic speeds, the totel of pressure, friction, and base drag 


coefficients was taken to be 0.3, where the definition of Cry is 


a. = Dreg 


D (1/2) pv<a 


V is the velocity. 
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the mass density of air. 
& is the frontal area. 
nis value wes held constent for O<H¢0.8. 
At low sunersonic speeds, the weil known work of Taylor and Meecoll 
is aveileble, and gives values which ave shown on the curve on fig. 1 -« 
Kinetic theory, under the assumption of inelastic impacts destroying the 
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normal component of momentum, gives <@° for the hypersonic pressure drag 


i - L 
coefficient. The supersonic base prassurc coefficient, (2/3)—5, was 
But 
recuced to +2 beceuge the base aren of the rocket jet did not contribute 
ue 


drag. Ckin friction, when dbesed on frontel area, was sufficiently small 





to ignore (0:020) st high Reynolds numbers. 
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The values Giscussed sbove were used in the calculations for the 
sseent to tna orbitsal haicht. The impertunee of the dreg in those cal- 
culetions vraducliy decrepsec, until et ebout 150, 000Lt. above seu level, 
it was rissligible compsred to the thruste 

In ceses where lonz periods of tine ere involved, especislly where 


“he Reynolds numbers are low, it is necessary to concider csrefully 


Ld 


}-- 
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dress which would othervise seem to be negligible. The detailed snalyses 
of SEnger end others in Germany hove given results for high altitude, high 
". econéitions similsr to those obteined by considering the destruction of 
all momentum in a cylinder whose cross-section is the seme as that of the 

ehicle, and vhich epproaches the vehicle st the vehicles speed. Under 
such e&ssumptions, it is found that CH . 2.0. 

As discussed elsewhere in this report, there are four rezimes of 

flov hich can conveniently be characterized by the ratio of meen free 
path te boundery lsyer thickness, or by the ratio of ech number to square 
root of Heynolds nunber. The plot on fig. 2 shows these regimes and wher 
in these verious realms, the space vehicle flies. It will be noted that 
on Pig. 1 no drag dats are given for the slip or unknown regions. In 


these regions much research must be done. 
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Ce LAGRANSIAK. SOVLTIONS 

Develonvent of the Uquations of otion of a Body Moving at Great 
Speeds Near the Surface of the “arth in the Plane of the Equator, In 
this apnendix, the equations of motion of a body will be developed in 
a form suitable for use in celculating the trajectory followed by the 
body as it is aceslerated to the proner speed and direction for orbital 
motion. The analysis is confined to motion in the plane of the earth's 
equator because this is the only case con- 
sidered in the calculations of the main 
texte 


We shall take the following as varie — 


6 : ables charecterizin: the motion of the 


re ay 


body: mr, the radial dUstance to the body Sean Ae 


Laer ds Rora rien 
from the center of the earth; VO » the 


FTF he reef 


e longitudinal angle of the body; and t, 
the time. ‘We shall call m, the mass of 
the body; g, the acceleration of gravity; 
k, the gravitational constant; M, the 
earth's mass; R, the redius of the earth; 


: and (2, the eigular velocity of the earth. 








: the kinetic energy of the body is 
: mM 2 2 

pelts + (yp +2)? | 

: and the potential onary; is 

: matt 

is oy . ACB 
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| If we form the La Grancian function L «= T - U, then 
fend 
Fe Bw or FG +2) + args oe, 
where F.. eee the radial and tanrential couponents of all the 
externally anplied forces. 
i Wwe now rotate our coordinate system so that the vector resolutions 
are parallel and perpendicular to the 
trajectory. ive designate by v the 
velocity of the body measured from a 
frame of reference fixed in the earth 
and by @ the complement of the angle 
between the radius vector and the 
tangent to the trajectory measured in 
: coordinates fixed in the earth. The 
above equations becone 
: mr sin @ - mr (2 +2)*sin 64 2imr (+N) cos 9 + mrpcos @ , kiisine aone m TaD y 
Yr 
‘. 


mr cos @ ~ mr (Y +2) “cos 0 = 2 nr (+2) sin @ - mresin @ + oS a 


r 

| i 

where T-D is the thrust minus the drac, alongs the trajectory and | | 
: | 


Lig the lift norsal to the trajectory (positive when in the direction ! 
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Ye now eliminate docrivatives of r ané by notins the following: 


. oy . ¥ cos 8 
r= v sin 0 v Nae 


ma 

s¢ é ° ya 

wg ¥cos@ vsin66 vw sin 9 cos @ 

r= v sin 9¢ Vv cos 0 6 e olineate-“anenedlieninemeenrseaeeatal anna maaan 
r r ~ 


These give, upon substitution in the equations of motion 


: a kv. sin © 
mvemrsSt sin ®O aaa ca T - D 


r 


Fas] 


| 8 mv" eos 6 2 2 g + ee 
mv ceca aaa mv : = mr 4 cos 3 





w@ cen readily evaluate the cravitational constant because we know 
that when the body ts standing still on the earth's surfaces, an external 
force mg is required to keap it in oquilibriun. Putting v » f= 6 xs 9 = 


T- D=0 and L = me and F = R, we have 


he 2 
sn no «eae or kH =o RY + B2*, 


R 


Substituting this velue of iii back into the equations of motion, we have 





2 4 2 
pF faa 
mvye-emnr $2 “sin 9 » Hak + Rt "sin 0 seT .) 
r 
e foe: Re, 2 
mvyo9 - = cos O(v + mele - 29 vJe(l- cos-6}) + mck +E SE J908 8 F 


x 
It is of interest to investirate the alzmnificance of the various 
terms in thess ecustions. In the first equation, which renresents an 
equiliorium of forces in the direction of otion, m ¥, T und D are the 
Yactors entering the faniliar mass x acceleration = forea. The tern, 


2 
mrjU ‘sin 8 is the component in the direction of motion of the centri- 


(o BY + at etn @ 
, * = a B ~ i ~ + : > % 
fural force ceused by the earth's rotation. The toy, ee 
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f Aopendix C 





4s the corresponding component of the earth's attraction when account is 
taken of the fact that this attraction will impart an acceleration of le 
in the presence of the earth's rotation. In the second seaeien which 
represents ecuilibriun of forces perpendicular to the direction of motion, 
; in the plene of the equétor, thie term mv "1 is the centrifugal force as 
seen from local earth coorcinates. The tern 2228-9 (v + rr)” is the 
component of centrifugal force of the total rotation around the earth. 


The tern, 2mv (1 - cos 8) can be interpreted as the apparent force 


that causes a body, ejected outward from the earth, to be left behind 


“ eee 
The tern MER + BR") Bis, of 


r< 


course, the comoonent of the earth's attraction to normal to the direction 


as the earth rotates under it. 


of motion. 
Using the above equations, we shall investigate the simple case of 
the free motion of the vehicle in a circular orbit at the earth's surface 


neglecting air resistance. For this case we put L=6@=68*=0; R=r 


and the orbital velocity is determined by the relations 


2% 
w+ 2vartRn®—g-Rn? = 9, 


= PR \ I cRIA)* t+ oR. 
| Using an equatorial radius of 3,962 miles and a value of g = 32.086, 
v= — 2/,,319 ft./sec. and 27,360 ft./sec. denending on whether the 
vehicle is moving with or against. the earth's rotation. 

Tt is seen that these values differ only ees from the values 


of aol, 205d te Dees and 27,325 ft./sec. riven <5 Chaoter [fII. 
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Tie values of Cheyter III were computed from a sinplified fornula 
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eee 
v° R= ¥ “2 vykhich nevlects the effect of the curth's rotation on the 


apparent eravitationcl attraction cf e stationary object. This differ~- 
ence in attraction is small, emounting to only about 05% 

Returning to the equation of motion to ba used for the trajectory 3 
calculations, we shell put the altitude, h=r-KR.e For 4 trajectory : 
100 miles high, 2 = 21/25, a quantity whose squere cen be neglected : 
ompared to unity. Usins this azpraximation, the equations take the 
form : : 


2 h tT -D . 
Le gH sin @-e(1- 2%) sine +—F—, : 


. . 
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a a ; h) ie oe 
SB -L (1-2) cos a+ 2 Sut 3 aS cos 9 = ~ cos @ + == ' 
If the terms in the above equation are examined for order of nagni-= 
tude it is asen that ar ies is always small compared to fe Consequently, 


2 we can maintain an accuracy of better than 1% using the following 


2h : jae, 
oe MOT Or” 


| ae? : 
% ‘ ee L . 4 
2 Set (1 -=) eos @ + 2? Sl R cos G+ — 





; at R V m Vv : 
‘ In the step by step caleculetions of trajectories, a prelininary \ 
: | h 

‘ calculation was usually made neclecting a coriparsd to unity and later. 


the results were corrected for these giall ternsde 
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D. SAMPLE OF Tre DETATLAD TR... BOLTORY CALCULATION 





A = Maximun cross-sectional area of vehicle | 





D = Drag, 

g = Acceleration of vravity at sarth’s surface, 
h = Altitude, 

I = Specific impulse, 


r = Distance from earth's center to vehicle, 
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R = Radius of earth, 
t = Time 
t. = Burning time, 


= Velocity of vehicis, 





Vv 
Ve = Circumferential velocity of earth 
W 


= IJnstantaneous mass of vehicle, 





Yes 3 


x = Distance projected on earth's surface, 


y = Original fuel weight ver stags, 
Original total weignt per stage 


Angle thrust makes with flight path (tilt), 


a 
it 


é = Angle of inclination of flight path to earth's horizontal. 


~ 


A = (lower) first three burning periods, 
4~4 = (upper) fourth burning period, 

C = Coasting, 

Initial condition, 

1 = Beginning of an interval, 


< = End of an interval , 





bose Meee Re cere yas. fa y 3 ‘ ox, Poe H ee 4 “ Sec eed A age : vs . a . ae 
2 Raa Se SS ©... ode PESO eh SBS A Sint TES SL iB SR SEE 


me te cr es on em cee eat ae rma A RN ek mnie ED RD arte dea Tate em A RR A le Ne elt ER eta Aaa a Rh AT ot orn haem Sam Pe We 


Migto uahely 2x: . _ BARA EPA CO PALTV AR LT 2 Lr eee Oe ae he Ss i re Sr” 


vo OQ, ¢ eos - 
wae way 3 aa . . yald wae a? ‘Bier 6A OR () oe dO 1033 


4 CMP , 

~~ . + a: ra mm . +s Lo 
ji ae 2 a | ten Saunas Dro Tait. OF © ‘4 ns aie. Vig = : ee 4 i. i’ rae f ~ 3... &s hi 115 7 
cape Sige <2 “7, tat aS Lat RS TRONS LN AEE TE RARE TNE COPTER ESS 















"ADRS OAS CRN OE RBZ SS TR ye Sed SSR ca eS : 
4 
e for ah eee: 5 
d i eee appendix D st 
é it is our purpose here to discuss the methods of calculating the tra- 
: 2 
3 jectory, Neglecting 2 the eguetions of motion are (see appendix C): i 
: AV. oe. Soe f 
ennemereraees = eae ~~ Sp & wee cf awe, 
s (1) dt “st est. oe OW : 
te | 
: (2) ae = -@ cos 0 + Ecos 0 + BE - BZ sin S, 
f . tB (l-yt_ ) 
17) 
: (3) ah. vy sin 6, 
4 dt 
ye 
i 
(4) ax 
: at = Vocos @. 
When the ter: efi ¢ and ea due to thrust and drag are 
Be) | : 
B 
absent, 2 Cannot be neglected. However, normally it can be 





neglected because h occurs only in terms which are small compared to the 
R 
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f rocket thrust terus. 
: | 3 | 
: We shall first review the general method of calculation, using as an 





example the four-stage alcohol-oxygen trafectory. Methods for the other c 


cases presented are similar. The vehicle travels vertically Por half the 
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time of the first burniny period after which tilt is applied. whe tilt 
renains constant until the end of the third burnins period at which tine 
coasting begins. In the last burning period a new angle of tilt is held 
constant. Because a Knowledge of altitude is required in the calculations 


a 


for the first and second periods and coasting, these computations were 
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x the final velocity conditions are to a first approximation independent 
of altitude, we calculate the fourth period backward. From tne first 


set of calculations, we obtain A 0,,4V.,Ah, at the beginning of 


coasting for various values of V and a, (plots shown in Figure Dl, D2, 


EN ae SA Pa ES 





D3). From the second set of calculations, plots (Fig. D4, D5, D&) of 


Be sAV, ; Au versus V and o are made, The coasting trajectories 


were combuted from the equations for elliptic orbits which are discussed 
later. ~ 
To deteruine an actual trajectory, these plots and the coasting 
calculations are used to solve simultsuneously the following equations: 
AV; +AV, +tAV, = Orbital speed (depends on altitude) 
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46, +49, +A6, 90 
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° +Ah, +An, = Desired altitude 





With four independent variables (V, a,, a and Ah.) and three 


uit 


restraining conditions,(orbital velocity, direction and altitude) we seek 
graphically the optimum trajectory for the v of the proposed designs, 


The actual step by step calculations in the burning periods differed 
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somewhat between the burning periods. In the first burning period equation 
(2) had very little effect on equation (1) so that its effect on Vasa 
function of t could be handled as a Small perturbation of tne results of 
(1) after its completion. In spite of this simplification, the calcula~ 
tions in the first burning period were the most difficult since the drag 

ne 


was large and the variation of + was considerable. If (1) is integrated 


for an interval in which I and = could be considered constant, we have 


+ 
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The second equation is used to determine the altitude necessary for a 
knowledge of I and B s C24 A - 
W We {1-Vv =) 


depend only on altitude. The fact that (1) can be thus integrated enables us 





where I and the density in g 


to take much larger steps than a complete iteration process wonld require. 


Having established V as a function of t, wecan use it in integrating (2) 


in a similar fastion;: 
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from this, we obtain 6 as a function of t to correct the original velocity 


calculations, 
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In the second burnin, period I is constant and D is negligible over 
We 


most of the period. However, the variation in @ is now appreciable so 


that equations(1) end (2) must be iterated sinultaneously. 
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The following remarxs apply for all burning periods except the first. 





The partly integrated equationsfor a amall interval are 
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Starting with (L)* we calculate A V to use in (2)! for V from which we 


get £6 to use in (1)' for sin 6 to get a better value of V. Altitudes 
need not be calculated until V and 6 as functions of t are established 
and then they a the x's may be obtained by planisieter from equations 
(3) and (4). Sample calculations from each burning period are presented. 


For coasting (rocket thrust absent) 5 is not negligible so (1). and 
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oe -6\%) sin 9 
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If the Ye term is neglected these equations integrate into 
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and cosd V 
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elliptic orbit. when account is taken oi the effect of the earth's motion 


the second equation is modified for sufficient accuracy into 
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These equations are in the form used in the calculations, 
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In the section of Chapter lL dealing with the probability of & meteor- 
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based tine intervela were presented in the Tables. Tho derivation of the 
formulas used to cormmute these quantities is given below. 

The meteorites entering the atmosphere will be assumsd to have 4& random 
distribution both as regards their surface distribution over the atmospheric © 

i 

layer surrounding the earth and as regards their occurrence with time. It 
ig ageumed thet the meteorites travel through the atmosphere along the 
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Tt is obvious that the probability of the occurrence of an event must 
increase as the time t increases. The wey in which the time must enter is 
(1), (2) 
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(1) Kenney, J. F.: egg of Statistics. D. Van Nostrand Co., 
New York, 1941, p. 29 Purt e. 

(2) Freeman, H. A.: para Statistics. John Wiley and Sona, 
New York, 1942, p. 149. 
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